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in the lateral line of fish
3Chapter 1
Introduction to
the mechanosensory lateral line
The lateral line organ
The mechanosensory lateral line is found in primarily aquatic vertebrates (cyclostomes, fishes
and amphibians) and is used for the detection of local water motion (e.g. Dijkgraaf, 1963). The
mechanosensory cells in this organ are hair cells, which are also found in the inner ear
(cochlea or basilar papilla and vestibular organ) of all vertebrates. The lateral line contains
numerous small organs, called neuromasts, which are distributed over the animal’s body
surface. Neuromasts are located directly in the skin (superficial neuromasts) or in bony canals
under the skin (canal neuromasts). The name ‘lateral line’ originates from the line running
from head to tail, in which part of the neuromasts is located (Fig. 1). (For reviews about the
morphology and function of the lateral line, see Dijkgraaf, 1963; Flock, 1967; Schwarz, 1974;
Russell, 1976; Sand, 1981.)
Each neuromast contains a macula, a surrounding region of mantle cells and an
overlying accessory structure, the cupula. The macula contains hair cells and supporting cells,
and forms an oval shaped and well vascularized area (Dijkgraaf; 1963; Jakubowski, 1963).
The hair cells possess hair bundles, consisting of several rows of stereocilia and one
kinocilium, which protrude from the apical sides of the cells. The number of hair cells in a
macula can vary between several tens for superficial neuromasts and small canal neuromasts
to several hundreds or thousands for large canal neuromasts (Münz, 1979; Gray and Best,
1989). The hair bundle of the mechanosensory hair cells projects into the cupula (Flock,
1967). Motion of the cupula results in deflection of the hair bundle, which is the relevant
mechanical stimulus for the hair cell. Afferent nerve fibres, which make connections via
synapses on the basal side of the hair cell (Fig. 2), are activated by a depolarisation of the hair
cell membrane, which occurs when the stereocilia are deflected towards the tallest
stereocilium, and inhibited by a hyperpolarisation, which occurs upon stereociliar deflection in
the opposite direction.
Functional roles of the lateral line have been demonstrated in the detection of moving
Figure 1. The ruffe, with large
lateral line canals on its head and
the lateral canal on its trunk. The
neuromasts are oval shaped and
lie inside the canal. Superficial
neuromasts are not indicated.
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or stationary objects, prey detection, predator avoidance, intraspecific communication and
schooling (for reviews, see Dijkgraaf, 1963; Bleckmann, 1993). Stimuli, such as water motion
produced by swimming aquatic animals, contain predominantly frequency components lower
than 50 Hz (Enger et al., 1989; Montgomery t al., 1988). Higher frequencies, up to 200 Hz,
were demonstrated in turbulent water motion, such as the vortices in the wake of swimming
fish, or water motion produced by objects submerged in running water (Bleckmann et al.,
1991). Although detailed information about the functional adaptation of the lateral line organ
to these naturally occurring hydrodynamic stimuli is lacking, it seems to be clear that
superficial neuromasts and canal neuromasts have different functional properties. Superficial
neuromasts, which are predominantly found in fishes or amphibians living in quiet water
conditions, contain hair cells and afferent nerve fibres which detect frequencies up to 10 - 70
Hz (Kroese t al., 1980; Münz, 1985; Kroese and Schellart, 1992). Hair cells and afferent
nerve fibres of canal neuromasts detect higher frequencies, up to 200 Hz (Kuiper, 1956; Harris
and van Bergeijk, 1962; Russell and Lowe, 1983; Münz, 1985; Montgomery and MacDonald,
1987; Wubbels, 1988; Kroese and van Netten, 1989; Kroese and Schellart, 1992; Coombs and
Montgomery, 1992; Montgomery et al., 1994), and are often well developed in species living
in turbulent waters.
The cupulae as well as the whole animal have a density which is almost identical to
that of the surrounding (sea)water (Jielof et al., 1952). Therefore, the lateral line does not
detect sound at some distance (a few body lengths) from the source (Harris and van Bergeijk,
1962), since the fish together with its cupulae will move with the same amplitude and phase as
the acoustic sound wave and no relative motion between the cupulae and the underlying hair
cell epithelia will occur (Sand, 1981). However, in fish with a connection between the
swimbladder and the lateral line (e.g. in cupleids), the lateral line can be stimulated indirectly
by sound via the pulsation of the swimbladder (Gray and Denton, 1979).
The hair cells of the lateral line organ are, compared to the hair cells of the inner ear,
relatively easily accessible. Therefore, the lateral line organ is very suitable to study hair cell
functioning under in vivo conditions.
Hair cells
The mechanosensory hair cells of the acoustico-lateralis system (the lateral line organ, the
vestibular system and the inner ear) are used for the detection of local water motion, body
accelerations and sound. Despite the large variety of stimuli, the final stimulus delivered to the
hair cells is in all organs the deflection of the hair bundle. This, together with the ontogenetic
relationship of the hair cells and their striking morphological similarity makes it plausible that
the mechano-electrical transduction process of all hair cells share a common working
principle.
Hair cells are epithelial cells which separate fluids of different ionic composition. The
hair bundle protrudes into the fluid or an accessory structure on the apical side of the cell. It
contains several rows of stereocilia in a steplike arrangement and, at the side of the tallest
stereocilia, one (in the cochlea rudimentary) kinocilium. The stereocilia contain a core of
crosslinked actin filaments (Flock and Cheung, 1977; Tilney et al., 1980) and behave as rigid
rods which pivot around their base if they are deflected. Hair cells possess mechanosensitive
ion channels (Harris et al., 1970; Hudspeth and Corey, 1977), which are permeable to
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monovalent and divalent cations. The channels appear to be specifically permeable to Ca2+
(Sand, 1975; Jørgensen and Kroese, 1994), but K+ is the major component carrying
transduction current, since the apical fluid of the inner ear and of the lateral line contains a
high concentration of K+ and a low concentration of Ca2+ (e.g. Johnstone et al., 1963; Bosher
and Warren, 1968; Russell and Sellick, 1976; McGlone et al., 1979). The location of the
transduction channels is somewhere near the tips of the hair bundle (Hudspeth, 1982; Jarimillo
and Hudspeth, 1991; Hackney et al., 1992; Denk et al., 1995; Lumpkin and Hudspeth, 1995).
Its precise location, however, is not yet know.
Deflection of the hair bundle in the direction of the kinocilium increases the
possibility of the transduction channels to open, while deflection in the opposite direction has
the opposite effect. Deflection of the hair bundle perpendicular to the excitatory or inhibitory
direction elicits little or no response (Lowenstein and  Wersäll, 1959; Hudspeth and Corey,
1977; Corey and Hudspeth, 1979; Shotwell et al., 1981). Opening of the transduction channels
results in an inward cation current, driven by an electrochemical driving force, which
depolarises the hair cell. This in turn results in the opening of voltage sensitive Ca2+-chan els,
located at the basolateral cell membrane. Influx of Ca2+ triggers the opening of Ca2+-dependent
K+-channels, resulting in an efflux of K+ and a repolarisation of the hair cell. Also, Ca2+
triggers exocytosis of neurotransmitters in the presynaptic space, which in turn results in
excitation of the afferent nerve fibres that contact the base of the hair cell (see Fig. 2). This
basic description of the working mechanism of the hair cells is valid for most types of hair
cells investigated. The outer hair cells in the inner ear of mammals are special in that their
main action does not seem to lie in afferent nerve fibre activity, but rather in a length change
of their cell body. This possibly delivers a mechanical force on the hair cell’s environment,
which is thought to amplify the response (Brownell et al., 1985; Ashmore, 1987; Santos-
Sacchi and Dilger, 1988).
Figure 2. Schematic representation of a hair cell.
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Much remains unknown about the precise working mechanism of the transduction
channels. Since the mechano-electrical transduction process is very fast, the channels are
thought to be opened directly by mechanical force, resulting from the deflection of the hair
bundle (Corey and Hudspeth, 1979). A widely accepted model for mechano-electrical
transduction in hair cells is the gating spring model (Corey and Hudspeth, 1983; Howard and
Hudspeth, 1987; Howard et al., 1988). The model explains the directional sensitivity of the
mechano-electrical transduction process, its non-linearity (gating compliance, see below) and
is used to explain the process of adaptation.
The basic idea of this model is that the transduction channels are opened by the
mechanical force delivered by the stretch of an elastic linkage, called gating spring (Corey and
Hudspeth, 1983). The gating springs have to be situated in such a way that orthogonal
deflection does not alter the stretch of the gating spring, while deflection of the hair bundle
towards the taller stereocilia increases and deflection in the opposite direction decreases the
stretch of the gating spring. It is proposed that the tip links, thin filaments that run upward
between the tips of the shorter stereocilia and the sides of taller ones (Pickles t al., 1984;
Furness and Hackney, 1985), are associated with the gating springs (see Fig. 2). However, no
direct relation between the tip links and the mechano-electrical transduction channel has yet
been demonstrated. A different location of the transduction channel, the contact region
between the shorter and adjacent taller stereocilia, has also been proposed (Hackney et al.,
1992; 1993; Furness et al.1996; Furness and Hackney; 1997).
The gating spring model (Corey and
Hudspeth, 1983; Howard and Hudspeth, 1988)
describes the open probability of the
Figure 3. Characteristics of mechano-electrical
transduction as described by the two state gating
spring model. (a) Open probability (P0) of the
transduction channel as a function of the extension

















with k = Boltzmann constant and T = absolute
temperature. The energy difference between the
open and closed state (DE) is given by:
D DE Z x= - × + m ,
in which Z is the force needed to open a transduc-
tion channel, called the gating force or the
sensitivity constant, and Dm is the displacement
independent part of DE. (b) Stiffness of the hair
bundle as a function of the extension of the gating
springs. The decrease of the gating spring
stiffness due to the opening and closing of the
transduction channels is called the gating
compliance (C).
 Introduction lateral line
7
transduction channel as a Boltzmann distribution in which the energy difference (DE) betw en
the open and closed state depends linearly on the stretch of the gating spring, which in turn
depends linearly on hair bundle displacement. Figure 3a shows the open probability as a
function of hair bundle displacement (x) for a two state transduction channel, i.e. a channel
that has one open and one closed state. In Fig. 3b the stiffness of the hair cell bundle is shown
as a function of x. Since opening of the transduction channels relaxes the gating springs over a
distance, d (the swing of the gate), the stiffness of the gating springs reduces when part of the
transduction channels change their configurational state. The stiffness of the gating springs,
under 100% open or 100% closed conditions, is estimated to deliver about half of the total
stiffness of the hair cell bundle (Howard and Hudspeth, 1987; 1988). The reduction in the hair
bundle stiffness is called gating compliance (C) d is, for a two state channel, maximal when
the open probability of the transduction channels is half (Fig. 3). This gating compliance was
demonstrated in hair cells of the bullfrog sacculus (Howard and Hudspeth, 1988). Further
indication for the existence of the gating compliance comes from experiments on hair cells in
the lateral line, where the gating compliance can explain the non-linear motion of the hair cell
bundles (van Netten and Khanna, 1994).
The tip links, which are proposed to represent the gating springs, have also been
invoked to explain the adaptation that occurs when hair bundles are deflected by sustained
stimuli (Eatock et al., 1979; 1987; Howard and Hudspeth, 1987; Hacohen et al., 1989;
Crawford et al., 1989; Assad et al., 1989). Several studies suggest that this process, which is at
least partly controlled by the influx of Ca2+ i ns through the transduction channels, uses active
motor elements (Assad and Corey, 1992; Hudspeth and Gillespie, 1994; Yamoah and
Gillespie, 1996). A reduced influx of Ca2+ ions, due to a low tension in the gating spring,
would activate myosin motors to ascend along the stereocilium in order to restore the gating
spring tension, whereas an increased Ca2+ influx would induce slipping down of the tip link’s
insertion point causing a reduced tension (Howard et al., 1988; Hudspeth and Gillespie, 1994).
Crawford et al. (1989, 1991) proposed an alternative model, which not only describes
the process of adaptation but can also readily explain the incompleteness of adaptation and the
changes in current displacement relationships, as found after manipulation of the extracellular
Ca2+ concentration. They describe the transduction process by a three state model, one open
state and two closed states, and suggest that one of the closed states is stabilised by
intracellular Ca2+. An increased gating spring tension leads to influx of Ca2+ thr ugh the
opened transduction channels, which in turn reduces their open probability. In contrast to the
motor model of adaptation, this reduced open probability is not coupled to a reduced gating




The chapters 2, 3 and 4 describe in vivo measurements of cupular mechanics and hair cell
activity of neuromasts in the supra-orbital lateral line canal on the head of the ruffe (Acerina
cernua L.) and the African and clown knife fish (Xenomystus nigri and Notopterus chitala).
The mechanical properties of the cupulae were measured using a laser interferometer (see
below) and hair cell activity was monitored by measuring extracellular receptor potentials
(also called microphonic potentials; see, e.g., Kuiper, 1956; Flock, 1967).
Figure 4 shows the optical configuration of the differential laser interferometer (van
Netten, 1988) coupled to an incident light polarising microscope (ILPM, Kroese and van
Netten, 1987). Two laser beams are derived from a He-Ne laser (l= 633 nm) and fed into two
acoustico-optic cells (‘Bragg’ cells, B1 and B2), that shift the frequency of the laser bundles
by 40.0 and 40.4 MHz, resulting in an optical frequency difference (fdiff) of 400 kHz. The two
beams are focused via the microscope and form an interference pattern, which moves with a
constant velocity due to the difference in optical frequency of the two laser bundles. If the
laser beams are focused on a natural irregularity in a non-moving cupula, the backscattered
laser light from this particle will be modulated with fdiff. If the cupula moves, the frequency of
the modulation of the backscattered laser light is the sum of fdiff and the frequency of the
modulation due to the motion of the particle (fmod = vparticle /  lfringe, see Fig. 5). The modulated
intensity of the backscattered laser light is detected with a photomultiplier and the information
about the velocity of the cupula is extracted with a frequency demodulator.
Figure 4. Optical setup of the differential laser interferometer and ILPM (A = attenuator, AN = analyser,
B = Bragg cell, D = diaphragm, HM = half-silvered mirror, L = lens, LS = light source, M = mirror, P =
polarising prism, PM = photomultiplier, POL = polariser, XY = precision translator, l = ½ lambda plate).
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Cupular and hair bundle mechanics
The sensitivity of the cupula to local water motion is frequency dependent (Jielof t al., 1952;
van Netten and Kroese, 1987). The frequency selectivity of the cupula depends on
morphological properties of the neuromast (van Netten, 1991). A great variety in neuromast
morphology exists (reviewed by Münz, 1989) and differences in frequency response
properties of hair cell activity and afferent nerve fibre activity have been described (e.g. Münz,
1985; Kroese and Schellart, 1992). A study of the relation between the morphology of
neuromasts and the frequency selective properties of their cupulae is presented in chapter 2.
Chapter 3 describes a comparative study of the frequency response properties of
cupular motion and hair cell activity between three different fish species: the ruffe, the African
knife fish and the clown knife fish. In the African knife fish, the cupulae are tuned to relatively
high frequencies (375 Hz; van Netten et al., 1994) compared to the tuning of cupulae in the
ruffe (110 Hz; van Netten and Kroese, 1987). These best frequencies of cupular motion are
about one octave higher than the highest best frequencies measured for hair cell activity or
afferent nerve fibre activity in the lateral line described thus far (between 150 and 200 Hz;
Harris and van Bergeijk, 1962; Münz, 1985). To find out whether hair cells in the lateral line
Figure 5. (a) Two focused laser bundles. The wave fronts of the laser light are indicated by thin solid lines.
(In this figure all wave fronts are indicated as flat lines, while in the real situation this is only the case at the
waist of the bundle). l: wavelength of the laser light (633 nm), : refractive index of water (1.333), a: angle
between laser bundle and the optical axis. (b) Interference pattern of two laser bundles. The distance
between the maxima (lfringe) is determined by the wavelength of the laser light (l), the angle a and the
refractive index n. The backscattered laser light from a particle (P) moving in the focal plane and the plane
formed by the two laser bundles, is modulated by the light and dark bands of the interference pattern:
I t A f t
n
x tdiff( ) cos (
sin















in which A represents a constant, jo a phase offset and x(t) the displacement of the particle.
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of the knife fish can process the same relatively high frequencies as the cupula, mechanical
frequency responses of the cupula were measured together with extracellular receptor
potentials. The results show that the relatively high frequencies by which the hair cells in the
knife fish are stimulated can be detected by the hair cells. The filtering properties of the hair
cells start to attenuate the response at frequencies of approximately 320 Hz (African knife
fish) and 345 Hz (clown knife fish), which is significantly higher than in the ruffe (200 Hz).
One of the parameters determining cupular mechanics is the stiffness coupling of the
cupula to the underlying epithelium (van Netten, 1991). This coupling can almost completely
be attributed to the stiffness of the hair cell bundles that protrude into the cupula (van Netten
and Kroese, 1987; van Netten, 1993). The hair bundle stiffness is for a significant part
determined by the stiffness of the transduction channels (Howard and Hudspeth, 1987, 1988).
Therefore, the mechanical properties of the transduction channels influence the motion of the
cupula. This property is used in chapter 4 to study the influence of blockage of the
transduction channels by the drug amiloride on the mechanical properties of the hair cell
bundles. The results show that binding of amiloride on the transduction channels influences
hair bundle stiffness. Further, measurement of extracellular receptor potentials showed that
blockage of the transduction channels by amiloride can result in an increased transduction
current. The effects of amiloride on hair bundle mechanics and on the extracellular receptor
potentials are interpreted as a blocking action combined with a shift of the hair cells operating
point along the current-displacement curve and the concomitant stiff ess-displacement curve.
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Chapter 2
Relation between mechanophysiology and morphology of neuromasts in
the lateral line of the ruffe
J. Esther C. Wiersinga-Post and Sietse M. van Netten
Abstract
The relationship between mechanophysiologically determined cupular responses and two
relevant morphological parameters, mass and stiffness coupling of the cupula, was studied in
two neighbouring neuromasts (2 and 3, see Jakubowski, 1963) in the lateral line canal of the
ruffe (Acerina cernua L.).
The morphologically expected resonance frequency (142 ± 13 Hz) of the nearly
spherically shaped cupula number 3 is similar to the measured resonance frequency (142 ± 12
Hz). The expected resonance frequency of the more elongated cupula 2 is systematically
shifted (145 ± 14 Hz) as compared to the measured value (169 ± 8 Hz). The results suggest
that the precise shape of the cupula and vicinity of the canal wall may modify mechanical
cupular responses.
1. Introduction
In the lateral line organ of fish, two types of neuromasts are distinguished: superficial
neuromasts and canal neuromasts. Superficial neuromasts are located in the epidermis and
protrude from the surface of the body into the surrounding water. Canal neuromasts  are
enclosed in canals under the skin (Dijkgraaf, 1963). The maculae of canal neuromasts are
usually larger than those of superficial neuromasts and contain more hair cells. Also, cupular
shape and volume is different for the two types of neuromasts (reviewed by Münz, 1989;
Janssen et al., 1987). These differences are thought to influence the dynamic and functional
properties of the neuromasts (van Netten and Kroese, 1989b).
Experiments in which the properties of the afferent nerve fibres are studied show that
canal neuromasts are most sensitive up to frequencies in the range of 50 to 200 Hz, while
superficial neuromasts are sensitive to frequencies below 70 Hz (Kroese and Schellart, 1992;
Münz, 1985; reviewed by Münz, 1989). Further, below these frequencies, superficial
neuromasts can be described as detectors of the velocity of a stimulus, while canal neuromasts
detect stimulus acceleration (Kroese and Schellart, 1987, 1992; Montgomery and Coombs,
1992). Data about the habitat and lifestyle of different fish species show that fish living in
flowing water or that are active swimmers possess a well-developed canal system, while fish
living in calm water possess few or no canal neuromasts and many superficial neuromasts
(Dijkgraaf, 1963). This information suggests that the function of the canal is to attenuate low
frequencies as to improve the signal to noise ratio in the presence of low frequency noise
(Dijkgraaf, 1963; Montgomery et al., 1994).
Chapter 2
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Morphological differences are not only described for canal versus superficial
neuromasts. Between fish species large differences in the morphology of either canal or
superficial neuromasts exist (Coombs et al., 1988). Also, in one and the same fish, large
morphological differences can exist between canal neuromasts on the head and trunk (Coombs
and Montgomery; 1992) and between superficial neuromasts located on different parts of the
fish body (Coombs and Montgomery, 1994). The relation of these morphological differences
to differences in functional properties is not clear. The afferent nerve fibre activity of
morphologically different canal neuromasts on the head and trunk of  the Antarctic fish,
Tremotomus bernacchii, do not show differences in their frequency responses (Coombs and
Montgomery, 1992), which has been interpreted as evidence that, as far as frequency response
properties of afferent nerve fibres are concerned, the influence of morphology on functional
properties is minimal.
From a theoretical point of view, morphological variations do not necessarily have to
lead to physiologically different functioning. In fluid-structure interaction, scaling properties
can be used to show that the same flow can result from different physical situations. In
particular, it has been shown that such scaling properties govern the responses of cupulae in
the lateral line organ (van Netten, 1991).
To experimentally investigate the relationship between morphology and functional
properties of the lateral line organ, two groups of morphologically different canal neuromasts
(no. 2 and 3; Jakubowski, 1963) in the supraorbital canal of the ruffe (Acerina cernuaL.) were
compared. Laser interferometry was utilized to measure frequency responses of the cupulae.
Of each neuromast, two likely important morphological parameters, the number of hair cells,
determining the stiffness coupling of the cupula, and cupular mass were quantified using
confocal microscopy. The results establish the correlation between hair cell number and
cupular mass on the one hand and cupular frequency response properties on the other hand.
The results also show that morphological variations in cupular shape and possibly variations in
the distance between the cupula and the canal walls between the two types of neuromasts may
lead to functional differences.
2. Methods
The mechanical frequency responses of two cupulae in the supraorbital canal of the ruffe
(Acerina cernua L.) were measured using a laser interferometer. The size of the maculae, hair
cell density and cupular volume were measured using an incident light polarizing microscope
(ILPM) and a confocal laser scanning microscope (CLSM). For the visualisation of hair cells
under the CLSM the fluorescent dye 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide
(DASPEI) was used.
(a) Animal preparation
Experiments were carried out on 27 ruffe weighing 11-28 g with a length ranging from 10 to
13 cm. After anaesthetisation with an intraperitoneal injection of Saffan (ca. 50 mg/kg body
weight; Pitman-Moore), the fish was placed in a small tank, in which it was held rigidly in
place with body and head clamps. The fish was respired with tap water (» 15°C) flowing
through the mouthpiece.
Figure 1. The lateral line system on the head of the ruffe (after Jakubowski, 1963). (a) Lateral
view. (b) Dorsal view. SO: supraorbital canal, IO: infraorbital canal, OM: operculo-mandibular
canal. Neuromasts 2 and 3 are indicated with arrows.
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After carefully removing the skin and the bony bridges, overlying cupulae no. 2 and 3
(numbering according to Jakubowski, 1963) of the left supraorbital canal (Fig. 1), the fish was
placed under the ILPM (objective lens: Zeiss 40x/0.75) to visualise the maculae in vivo
(Kroese and van Netten, 1987). Only those neuromasts with a normal capillary blood flow and
transparent cupulae were used. In 19 experiments the frequency responses of both cupulae, 2
and 3, were measured in the same fish, while in four experiments only the response of cupula
2 and in four experiments only the response of cupula 3 was measured.
(b) Mechanical Stimulation
Neuromasts were stimulated with sinusoidal fluid motion produced by a small sphere (Ø 0.8
mm) placed inside the canal rostrally from the cupula at a distance of approximately 4 mm.
The sphere was driven by a piezoelectric translator (P843.30, Physik Instrumente) with power
amplifier and control module (P865.10 and P808.10, Physik Instrumente) and moved in the
direction of the longitudinal canal axis. Each neuromast was stimulated with 41 frequencies
ranging from 20 to 300 Hz. In this frequency range, the  frequency response of the
displacement of the stimulus sphere was flat and in phase with the driving signal.
(c) Measurement of cupular motion and data analysis
Cupular motion was measured with a differential laser interferometer coupled to the ILPM. A
detailed description of this interferometer and the optical configuration are described
elsewhere (van Netten, 1988; chapter 1 of this thesis). In short: Two laser beams are derived
from a He-Ne laser (Spectra Physics, model 127). These laser beams are shifted in frequency
by 40.0 and 40.4 MHz using two acousto-optic cells (‘Bragg’ cells) and focused on the cupula
creating an optical interference pattern that moves with a constant velocity, due to the
difference in optical frequency (carrier) of the two laser beams. Backscattered laser light from
a small reflective particle contains information about its motion, encoded in a phase
modulation of the optical carrier frequency.
Backscattered laser light, derived from a natural irregularity in the cupula, was
utilized and detected with a photomultiplier (Hamamatsu, model R1477). The photomultiplier
signal was demodulated with a modified frequency demodulator (Polytec, OFV 3000). The
output signal of the demodulator is proportional to the velocity of the cupula within the range
of 10-1-103 µm/s.
To avoid contamination of the responses with transients, the mechanical response was
not recorded during the first 3 seconds. Responses were low pass filtered with an 8 pole Bessel
filter (Frequency Devices) at a cut-off frequency of 8x the stimulus frequency. After
amplification, responses were digitised with a 16 bit A/D converter (Ariel, DSP-16) at a
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sampling frequency of 64x the stimulus frequency. All responses, consisting of 16 periods of
the stimulus frequency, were 20 x averaged before they were saved to disk.
An FFT was used to extract the amplitude and phase of the fundamental frequency of
the mechanical response. These data were corrected for the frequency responses of the
apparatus used.
(d) Measurement of macular area and number of hair cells
Two methods were used to determine the areas of the maculae. Method 1: In 9 experiments
the areas of the maculae containing hair cells were observed with the ILPM (objective lens:
Zeiss 40x/0.75). With this microscope, the hair cells are clearly visible (Kroese and van
Netten, 1987). Two micromanipulators (accuracy 5 mm), with which the fish tank could be
moved, in combination with a cross hair were used to estimate the area of the maculae
containing hair cells. Method 2: In 10 experiments, areas of the maculae were determined
using the CLSM (Odyssey, Noran Instruments; objective lens: Nikon 4x, water immersion) in
combination with the fluorescent dye DASPEI (Molecular Probes). Hair cells in the lateral
line system are specifically labelled with this fluorescent dye (Jørgensen, 1989; Kenneth et al.,
1990). Fishes were placed in a tank under the CLSM and respired with tap water. The
supraorbital canal was filled with DASPEI (1 mM/l) and the neuromasts were incubated for
about 30 min. Afterwards images of the maculae were made with the CLSM in the fluorescent
mode and the areas of the maculae containing hair cells were determined using image
processing software (Intervision).
 In four experiments, hair cells were individually counted using DASPEI labelling
with a higher magnification (CLSM with objective lens: Nikon 40x, water immersion). Hair
cells were counted in a macular area of 0.01 mm2. Combining this with the measurements of
the total macular area gave an estimate of the total number of hair cells within each macula.
(e) Measurement of cupular volume
In ten experiments, volumes of the cupulae (Vm) were determined using the CLSM in the
reflective mode (objective lens: Nikon 4x, water immersion). To visualise the transparent
cupulae, they were covered with zinc-oxide particles (Jielof et al., 1952) with a diameter of
around 5 mm (1 - 10 mm). Images were taken from the top to the bottom at distances of 20 or
40 mm. The area of each cross-section was determined and subsequently cupular volume was
estimated by summation of the volumes of each section. The mass of the cupula was
determined taking the density of the cupula equal to that of water (1000 kg/m3; Jielof et al.,
1952).
(f) Relation between mechanophysiology and morphology
The resonance frequency of the cupula, defined as that frequency at which the amplitude of
cupular motion is maximal under undamped conditions (no influence of viscous forces), is
used to correlate the mechanophysiology and morphology of the neuromasts.
 A mathematical model for cupular mechanics (van Netten 1991) was used to
determine the resonance frequency of the cupula based on the frequency responses, which
were measured under damped conditions. In this model the cupula is represented by a rigid
(half) sphere sliding over a frictionless plate and is mechanically coupled to the canal by
stiffness forces which are delivered by the pivotal stiffness of the hair cell bundles (van Netten
and Kroese, 1987; van Netten and Khanna, 1994). This model describes the displacement of
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the cupula (X0) as a function of fluid motion in the canal (D0) as:
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where r is the fluid density, m is the dynamic viscosity, a is the cupular radius, S i  the sliding
stiffness and D0 is a scale factor for the amplitude of the canal fluid displacement. The
parameter determining the shape of the function (Eq. 1), Pc, and the scale factors D0 and ft
characterise the frequency response completely. These three parameters were fit by eye to the
measured data.
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Using equations 2 and 3 this gives for a spherical cupula:










in which M represents the cupular mass. The effective mass equals 1.5M, since for a sphere
the added mass equals 0.5 times the displaced fluid mass and cupular and fluid density are
similar. Note that Eq. 5 then equals the familiar resonance frequency of an undamped
oscillator.
The sliding stiffness of the cupula (S) depends primarily on the summed stiffness of
Figure 2. (left) Frequency responses with
amplitude and phase of cupula 2 (¡) and 3 (l).
The solid lines represent theoretical curves
derived from a model for cupular mechanics (van
Netten, 1991) with D0 = 280 nm, Pc = 25 and ft =
20 Hz (cupula 2) and 14.5 Hz (cupula 3).
Figure 3. (down) Difference between the
resonance frequencies of cupula 2 and 3 mea-
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the hair cell bundles, which protrude from the apical surface of the hair cells into the cupular
base (van Netten and Kroese, 1987; van Netten and Khanna, 1994). S is therefore taken equal
to the stiffness per hair bundle times the macular area times hair cell density.
The comparison of mechanophysiology and morphology thus comprises, on the one
hand, the calculation of fr according to Eq. 4 (fr
phy) using Pc and ft  from a fit to a measured
frequency response. On the other hand, fr is determined according to Eq. 5 (fr
mo), with S
determined via macular dimensions in combination with hair cell density and individual hair
bundle stiffness, and M etermined via measurement of cupular volume.
3. Results
(a) Frequency responses
Figure 2 shows amplitudes and phases of the displacement of cupula 2 (¡) and 3 (l) measured
in one fish. The fits of the model are shown as solid lines. For these fits, ft is 20.0 and 14.5 Hz
for cupula 2 and 3, respectively, Pc is 25 and D0 is 280 nm.
For all frequency responses, the values of fr
phy were determined using the fits of the
theoretical curves through the data-points. The mean values of fr
phy were  165 ± 16 Hz and 146
± 17 Hz for cupula 2 and 3, respectively. Figure 3 shows the differences in frphy of cupula 2
and 3 measured in the same fish. In most cases, 16 out of 19 experiments, the resonance
frequency of cupula 2 was higher than that of cupula 3. Table I shows the individual values of
Pc , ft and fr
phy for neuromasts of type 2 and type 3 of 10 fishes.
(b) Macular area and number of hair cells
In 15 fishes the areas of maculae 2 and 3 were measured using the ILPM or the CLSM, while
in 1 experiment only the area of macula 2 and in 3 experiments only that of macula 3 was
measured. The shape of the maculae appeared to be elliptical with the orientation of the length
axis perpendicular to the length axis of the canal. Mean macular areas were 0.39± 0.06 mm2













































Figure 4. Dimensions of macula 2 and 3. The large symbols indicate the dimensions which are measured
with the CLSM. The other areas are measured with the ILPM. (a) Areas of macula  2 (¡) and 3 (l) as a
function of fish length. The lines between the open and closed symbols indicate data of macula 2 and 3
measured in one fish. The dotted lines show linear fits. (b) Length and width of maculae 2 (¡) and 3 (l).
The orientation of the length axis of the macula is perpendicular to the length axis of the canal.
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for macula 2 and 0.28 ± 0.06 mm2 for acula 3. Table I shows the data of the ten fishes in
which macular area as well as cupular volume were measured of both neuromasts 2 and 3,
using the CLSM.
 Figure 4a shows the areas of the maculae plotted as a function of fish length.
Although the range in fish length was limited, there is a positive correlation between macular
area and fish length (see also: Janssen et al., 1987; Münz, 1989), represented by the dotted
lines.
In Fig. 4b the length and width of the maculae are plotted. This figure clearly shows that the
enlarged area of macula 2 compared to that of macula 3 mainly results from its enlarged
length. The width of both maculae is comparable. The macular lengths and widths exceed the
maximum diameter of 0.6 mm given by Münz (1989).
Figure 5 shows an example of macula 2 and 3 of the same fish after colouring of the
hair cells with the fluorescent dye DASPEI. Individual hair cells were easily distinguishable.
The counted number of hair cells per 0.01 mm2 was, for macula 2 as well as 3, 100 ± 10. This
hair cell density is distinctly smaller than the value of 380 hair cells / 0. 1 mm2 in a neuromast
of the infraorbital canal of the ruffe measured by Gray and Best (1989). At least part of this
discrepancy is due to the fact that the measurements presented here are done in an in vivo
preparation, while Gray and Best measured hair cell density in fixated material in which the
effects of shrinkage are not negligible. Kroese and van Netten (1987) estimated the number of
hair cells in macula 3, with a macular radius of 0.3 mm, to be 1000. This corresponds to a
density of around 35 hair cells per 0.01 mm2, which is lower than the hair cell density
described here.
(c) Cupular volume
Table I shows the cupular volumes (V ) measured in ten fishes. In one of these fishes, the
volume of cupula 2 was unusually small. Data regarding volume and mechanical frequency
response of this neuromast are not taken into account. Mean cupular volumes were 0.34 ± 0.07
mm3 for cupula 2 and 0.27 ± 0.04 mm3 for cupula 3. The base areas of the cupulae, which
cover the macula and a surrounding region of mantle cells (Jakubowski, 1963; Flock, 1967;
Figure 5. Images, made with the CLSM, of (a) macula 2 and (b) macula 3. The hair cells are coloured with
the fluorescent dye DASPEI.
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Münz, 1979), were 2 to 3 times as large as the area of their maculae (mean values were 1.14 ±
0.12 mm2 for cupula 2 and 0.79 ± 0.10 mm2 for cupula 3). Cupular heights were 0.61 ± 0.08
mm and 0.54 ± 0.06 mm for cupula 2 and 3, respectively.
To test whether cupular volume can be approximated by that of a half ellipsoid
(Ve = p×l×w×h / 6, with l, w and h representing cupular length, width and height), Vm was
plotted as a function of Ve (Fig. 6). Figure 6 indicates that the shape of cupula 3 (l) indeed
approximates that of a half ellipsoid. Cupula 2 (¡) w s in all cases smaller than expected on
the basis of this approximation.
(d) Relation between mechanophysiology and morphology
In ten experiments, both the mechanical frequency responses (mechanophysiology) and the
macular areas and cupular volumes (morphology) were measured (Table I). Equations 4 and 5
of the model described in section 2f were used to correlate the mechanophysiologically and
morphologically determined resonance frequencies (fr
phy a d fr
mo) of these experiments.
For this correlation, the pivotal stiffness delivered by each hair bundle was taken
2.3×10-14 N×m-1×rad-1, a value corresponding to the pivotal stiffness of hair cells in the
bullfrog sacculus and in the turtle and guinea pig cochlea (Howard and Ashmore, 1986;
Crawford and Fettiplace, 1985; Strelioff and Flock, 1984). Since hair cell bundles in the
supraorbital canal of the ruffe are about 15 µm long (Kroese and van Netten, 1989), this
pivotal stiffness corresponds to a stiffness per hair bundle of 2.35×10-14 / (15×10-6)2 = 1.04×10-
4 N×m-1.
Figure 6. Measured values of cupular volume
(Vm), for cupula 2 (¡) and 3 (l), as a function of
the volume of a half ellipsoid (Ve = p × l × w × h /
6, in which l, w and h represent cupular length,
width and height).































Figure 7. Relation between the morphological
and mechanophysiological estimates of fr or
neuromasts 2 (¡) and neuromasts 3 (l).
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Table I and Fig. 7 show that the correlation between fr
phy and fr
mo is fairly good within
the group of cupulae 3. This implies that the pivotal stiffness of 2.3×10-14 N×m-1×rad-1 is a
good estimate of the hair bundle stiffness in these cupulae. For cupulae 2 all (except one)
mechanophysiologically measured resonance frequencies (fr
phy) ar  higher than those
calculated with the morphological parameters measured (fr
mo).
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Table I: Mechanophysiological and morphological measures of the resonance frequency, fr. The
mechanophysiological measure, fr
phy, is based on Eq. 4. The values of Pc and ft  were derived from a fit of
the model through the interferometrically measured frequency responses of the cupula. The
morphological measure, fr
mo, is based on Eq. 5. The length (l ), width (w ) and area (A ) of the macula and
length (l ), width (w ), height (h ) and volume (V ) of the cupula were determined using confocal microscopy.
The sliding stiffness delivered by one hair bundle was deduced to be 1.04×10-4 N×m-1. Further, a hair cell



















































































































































mean 59 14.2 169 .86 .61 .41 1.34 1.07 .61 .34 145




















































































































































mean 41 13.7 142 .68 .58 .31 1.09 .95 .54 .27 142




Relation between mechanophysiology and morphology
The (undamped) cupular resonance frequency, fr, was determined mechanophysiologically
(see Eq. 4, fr
phy) and morphologically (see Eq. 5, fr
mo). The two measures of fr were compared
for individual neuromasts of two different types, located next to each other in the supraorbital
lateral line organ of the ruffe. For neuromasts of type 3, having fairly (half) spherically shaped
cupulae (Fig. 7) the estimates of fr
phy and fr
mo were in good agreement. For neuromasts of type
2, possessing relatively large and elongated cupulae, the correlation between the two estimates
of fr was less; furthermore, the estimate of fr
mo was found to be systematically lower than the
estimate of fr
phy.
The reason for this disagreement found for type 2 neuromasts may be the result of
unjustified assumptions or other systematic errors made in the evaluation of Eqs. 4 and 5. The
morphological estimate (Eq. 5) is based on cupular stiffness and mass. The equation is
generally applicable to an elastically suspended undamped mass (with spring constant S and
mass M) and is, except for the added mass term (0.5M), not dependent on specific shape. The
added mass of elongated structures is larger than 0.5M (Lamb, 1932). Thus, correcting for it
would result in an even lower estimate of fr
mo. Therefore, a different added mass, due to the
non spherical shape of cupula 2, can not explain the discrepancy in the data, as found for
cupula 2.
An assumption made with respect to the cupular sliding stiffness (S) is hat the hair
cells all contribute the same stiffness per hair bundle (1.04· 10-4 N×m-1). If, however, the
stiffness of the hair cell bundles in neuromast 2 is higher than the stiffness of the hair cell
bundles in neuromast 3, fr
mo (Eq. 5) of neuromast 2 is underestimated. For neuromasts no. 2, a
hair bundle stiffness of 1.37× 0-4 N×m-1 is needed to reasonably fit the values of frphy to frmo.
This hair bundle stiffness corresponds to a pivotal stiffness of 3.1×10-14 N×m-1×rad-1 when the
hair bundles are as long as in neuromast 3 (15 µm, Kroese and van Netten, 1987). The length
of the hair bundles must be 13 µm if the pivotal stiffness is the same for hair bundles in
neuromast 2 and 3. These values of hair bundle length and pivotal stiffness fall within the
physiological range of hair bundle characteristics (Coombs and Montgomery, 1992; van
Netten and Khanna, 1997).
The mechanophysiological measure of fr (Eq. 4) is based on a hydrodynamic model
for cupular mechanics. This model enables the estimation of the undamped resonance
frequency (fr) using a fit through a frequency response which is measured under frequency
dependent viscous damping. This is justified if is assumed that the cupular shape is a (half)
sphere and that the influence of the canal walls is negligible.
However, the shape of cupula 2 deviates from that of a half ellipsoid and certainly
from that of a half sphere (see Table I and Fig. 7). Furthermore, the influence of the canal
walls is expected to be stronger for cupula 2 compared to 3, because the relatively large size of
the former in the direction perpendicular to the canal axis. Thus, Eq. 4 may give incorrect
estimates of fr
phy for cupula 2.
One of the effects of a small distance between cupula and canal walls can be
interpreted as an increase of the effective dynamic viscosity of the canal fluid (Happel and
Brenner, 1983; Tsang, 1997). An increase of the effective dynamic viscosity alters the shape
of the frequency response of cupular motion, reflected in a reduced tuning and a decrease of
the frequency at which the amplitude of cupular motion is maximum. This, so called, best
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frequency is always lower than the resonance frequency as defined in Eq. 4. Although Eq. 4
was used to have a viscosity independent measure of tuning, applying it to a non spherical
structure may lead to viscosity dependence.
Influence of size on functional properties of the neuromast
The number of hair cells in a neuromast is expected to be proportional to the macular area,
since hair cell density is assumed to be constant (e.g. Coombs and Montgomery, 1992;
Lannoo, 1987; section 3b). Therefore, a larger cupula is expected to overly a larger number of
hair cells. This will result in an improvement of statistics of the encoded signal per neuromast.
It will also reduce the thermal noise in cupular displacement, due to an increased stiffness
coupling of the cupula (xrms = (kT / S)
½). Thus, a large neuromast is likely to improve the signal
to noise ratio. Also, a minimum cupular height seems to be required for the optimal detection
of fluid motion in the lateral line canal (400 µm for frequencies down to 10 Hz, Tsang and van
Netten, 1997). In the present study it is shown that, for cupula 2 as well as for cupula 3, the
minimal required heights to be optimal sensitive to frequencies down to 10 Hz are met (see
Table I, minimal heights were, for cupula 2, 480 µm and cupula 3, 460 µm).
Isomorphic enlargement of a neuromast results in a lower resonance frequency. In
terms of its detection of velocity or acceleration (Kalmijn, 1989), this causes a reduced
effective bandwidth. This reduction can be partly compensated for by a reduced cupular mass,
e.g. by a reduction of cupular height or by reducing the mass in the upper part of the cupula.
The cupulae of type 2 thus have a shape that enables detection of frequencies within a
bandwidth from at least a few Hz up to 160 Hz, a frequency range similar to that of neuromast
3. Neuromast 2 therefore has the combination of a large size and a relatively large effective
bandwidth. For neuromast 3, the smaller area available at its location, just in between the
orbits, may be a limiting factor in realizing similar detection characteristics as for neuromast
2.
5. Conclusions
The present experiments show that there is a correlation between the mechanophysiology of a
neuromast on the one hand and the mass of the cupula and sliding stiffness delivered by the
hair cell bundles on the other hand. This correlation can quantitatively be understood in the
case of half spherically shaped cupulae. The results thus indicate that not only sliding stiffness
and cupular mass determine the frequency response properties of a cupula, but that also the
geometry of cupula and canal may influence its mechanophysiological properties.
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Chapter 3
Comparative study of frequency selectivity of hair cells in the lateral line
of the ruffe and knife fish
J. Esther C. Wiersinga-Post and Sietse M. van Netten
Abstract
In three different fish species, the ruffe (Acerina cernua L.), the African knife fish
(Xenomystus nigri) and the clown knife fish (Notopterus chitala), the mechanical filtering
properties of cupulae in the supraorbital lateral line canal were measured in vivo togeth r with
the evoked extracellular AC-receptor potentials. Cut-off frequencies of the mechanical
frequency responses of the cupulae were approximately 110 Hz in the ruffe and approximately
400 and 235 Hz in the African knife fish and clown knife fish, respectively. The frequency
selectivity functions of the hair cells, derived by dividing the response of the extracellular
receptor potential by the mechanical response, were found to have (low-pass) cut-off
frequencies of approximately 200 Hz in the ruffe and approximately 320 and 345 Hz in the
African knife fish and clown knife fish. The results thus show that the frequency selectivity of
cupular mechanics and the frequency selectivity of hair cell filtering are correlated. This
correlated frequency selectivity of both subsequent stages of peripheral signal processing
suggests that these characteristics are evolved to perceive relevant stimulus frequencies.
1. Introduction
The acoustico-lateralis sensory system of vertebrates is a mechanosensory system which
contains organs specialised in the detection of sound (the cochlea in mammals or papillae in
lower vertebrates), body acceleration and rotation (the vestibular organ) and fluid motion (the
lateral line organ in fishes and aquatic amphibians). The sensory cells in this system are hair
cells, which contain a hair bundle protruding from the apical side of the cell. In all organs, the
deflection of these hair cell bundles is the actual stimulus for the sensory cells. Peripheral
receptive structures, mechanically attached to the hair bundles, transform the various
mechanical stimuli, usually via a hydrodynamic interface, into the deflection of the hair cell
bundles.
The hair cells of the lateral line organ are grouped in neuromasts, which are
distributed over the head and body and are located in the skin surface (superficial neuromasts)
or in sub-epidermal bony canals (canal neuromasts). The hair bundles of the hair cells protrude
into the peripheral receptive structure, the cupula (Dijkgraaf, 1963; Flock, 1967). Therefore,
cupular motion, evoked by fluid motion, results in the deflection of the hair cell bundles.
Measurements of the extracellular receptor potentials of the lateral line hair cells or of
the neural activity of their afferents show that superficial neuromasts are sensitive to fluid
velocities up to frequencies in the range of 10 to 70 Hz (Görner, 1963; Kroese et al., 1980;
Münz, 1985; Kroese and Schellart, 1992) and that canal neuromasts are sensitive to fluid
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accelerations (Kalmijn, 1989; Kroese and Schellart, 1992) up to frequencies in the range of 50
to 200 Hz (Kuiper, 1956; Harris and van Bergeijk, 1962; Russell and Lowe, 1983; Münz,
1985; Montgomery and MacDonald, 1987; Wubbels, 1988; Kroese and van Netten, 1989;
Coombs and Montgomery, 1992). These filtering characteristics may be attributed to either the
peripheral receptive structures (canal, cupula), or to the tuning properties of the hair cells, or
both.
In the lateral line of the ruffe, the mechanical filtering properties of the cupula have
been studied extensively. In terms of iso-acceleration stimuli (e.g. Kalmijn, 1989), the (low-
pass) cut-off frequency of the cupular frequency response was found to be approximately 110
Hz (van Netten and Kroese, 1987). Experiments, in which the mechanical frequency response
of the cupula together with the extracellular receptor potentials of the hair cells were
measured, showed that the filtering properties of the hair cells start to attenuate the AC-
receptor potential about one octave above this mechanical cut-off frequency (Kroese and van
Netten, 1987). In the lateral line of the African knife fish, mechanical cut-off frequencies of
about 375 Hz were measured (van Netten et al., 1994). This mechanical cut-off frequency
exceeds the highest cut-off frequencies of 150 to 200 Hz for hair cell activity or afferent nerve
fibre activity in the lateral line described thus far (e.g. Harris and van Bergeijk, 1962; Münz,
1985). Therefore, it is interesting to know whether the hair cells in the lateral line of the knife
fish can process the relatively high frequencies with which they can be stimulated via the
cupula.
In the present study, we describe in v vo measurements of the mechanical frequency
responses of the cupulae and hair cell activity of neuromasts in the lateral line of the ruffe, the
African knife fish and clown knife fish. The results show that not only for the ruffe, but also
for the knife fishes the frequency selectivity of cupular mechanics and hair cell activity are
correlated.
2. Methods
In three different fish species, the ruffe (Acerina cernua L.), the African knife fish
(Xenomystus nigri) and the clown knife fish (Notopterus chitala), the mechanical frequency
response of the cupula together with the evoked response of the mechanically coupled hair
cells were measured in the neuromast located above the orbit in the supraorbital canal
(neuromast no. 3 in the ruffe, numbering following Jakubowski, 1963; for a description of the
lateral line in the knife fish, see Kapoor, 1964; Sharma, 1964).
(a) Preparation
Six ruffe (body length: 11 to 13 cm), four African knife fishes (body length: 13 to 15 cm) and
two clown knife fishes (body length: 10 to 15 cm) were used for this study. Fish were
anaesthetised with an intraperitoneal injection of Saffan (Pitman Moore, ca 50 mg/kg body
weight) and placed in a fish tank where they were artificially respired with a flow of tap water
through the gills and held rigidly in place with head and body clamps. The temperature of the
water was 15 oC (ruffe) and 25 oC (knife fishes).
The supraorbital canal neuromast located above the orbit was exposed by removing
the skin overlying the neuromast. The morphology of the supraorbital canal of the ruffe and
the knife fishes differ in that bony bridges cover the cupulae in the ruffe, while they are absent
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in both types of knife fishes. In the ruffe, the bony bridge covering neuromast no. 3 was
removed in order to get access to the neuromast. In the African knife fish, only a small piece
of bone, protruding from the canal wall, was removed.
An incident light polarizing microscope (ILPM, Kroese and van Netten, 1987) was
used to visualise the maculae and to focus the laser beams of a laser interferometer on spots in
the cupula (see section c). Blood flow through the macula was well visible and was used to
monitor the condition of a neuromast.
(b) Mechanical stimulation
Neuromasts were stimulated with canal fluid motion produced by a small sphere (Ø 0.8 mm)
placed inside the canal about 4 mm rostral of the cupula. The sphere was moved sinusoidally
in the direction of the longitudinal axis of the canal at several frequencies in the range of 20 to
360 Hz (ruffe), or 100 to 1000 Hz (knife fishes). The amplitude of the displacement of the
stimulus sphere was usually about 3 µm in the experiments with the ruffe and about 1 µm with
the knife fishes. Stimuli evoked extracellular receptor potentials well below saturation.
(c) Measurement of cupular motion
Cupular motion was measured as a function of stimulus frequency with a differential laser
interferometer coupled to the ILPM. The optical configuration of the laser interferometer was
as described by van Netten (1988; see also chapter 1).
For the detection of cupular motion, backscattered laser light from an optical
irregularity in the cupula was used. Backscattered light was measured by a photomultiplier. Its
signal was demodulated with a modified frequency demodulator (Polytec, OFV 3000). The
Figure 1. Schematic representation of the
formation of the extracellular receptor
potential. (a) Stimulus input. (b) Non linear
response of the two opositely oriented hair cell
populations. (c) The extracellular receptor
potential, shaped by the summed activity of all
hair cells. Its main component is produced at
twice the stimulus frequency and lags the




output signal of the demodulator is a linear and calibrated measure of the velocity of the
cupula within the range of 10-1-103 µm/s. The velocity signal was low-pass filtered with an 8
pole Bessel filter (Frequency Devices) and amplified  before it was digitised with a 16 bit A/D
converter (Ariel, DSP-16) at a sampling frequency of 64x (ruffe) or 16x (knife fish) the
stimulus frequency. To prevent aliasing, the cut-off frequency of the low-pass filter was set at
8x (ruffe) or 4x (knife fish) the stimulus frequency. Responses to stimuli consisting of 16
periods were 20x averaged before they were saved to disk. The first 3 seconds of every
stimulus were not recorded to avoid contamination with transients. The amplitude and phase
of the response component of cupular displacement at the stimulus frequency were calculated
based on an FFT of the averaged velocity response of cupular motion.
(d) Measurement of extracellular receptor potentials
Extracellular receptor potentials were measured using a silver wire electrode (Ø 0.3 mm),
insulated except for the tip, which was placed in the canal at a distance of approximately 0.6
mm from the cupula at its caudal side. An AgCl coated reference electrode was placed in the
trunk of the fish. The signal was fed into an AC coupled, differential preamplifier (PARC 113)
and further amplified to give a total gain of 104. The signal was low-pass filtered with a 16
pole Elliptic filter (Difa) with a cut-off frequency at 16x (ruffe) or 8x (knife fish) the stimulus
frequency. Signals were averaged and recorded similarly to the mechanical responses. The
main component of the extracellular receptor potentials is produced at twice the stimulus
frequency, due to combined activation of two oppositely oriented populations of hair cells
(Kuiper, 1956; Flock and Wersäll, 1962; Flock, 1971). The amplitude and phase of this
component was extracted using an FFT. The phase lags the phase of one hair cell population
with 45 degrees and shifts twice as fast (see Fig. 1). Its phase was therefore corrected to obtain
the phase representative for one population of hair cells using the formula (see also Fig. 1):
Figure 2. (right) Amplitude and phase of cupular displacements (open symbols, left y-axes) and
extracellular receptor potentials (closed symbols, right y-axes) as a function of iso-acceleration stimulus
frequencies for two different fish species: the ruffe (squares) and the African knife fish (circles). The
phase of the extracellular receptor potential represents the phase of one population of oppositely oriented
hair cells. Solid lines represent fits to the measured frequency responses derived from a hydrodynamic
model for cupular mechanics (van Netten, 1991). This model describes the displacement of the cupula
(X0) as a function of fluid motion in the canal (D0) as follows:
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where r is the fluid density, m is the dynamic viscosity, a is the cupular radius, S s the sliding stiffness
and D0 is a scale factor for the amplitude of the canal fluid displacement. The factors D0 nd ft and Pc are
the only free parameters in the model and characterise the frequency response completely. These
parameters were fit by eye to the measured data (D0 = 110, 80 nm, ft  = 12, 47 Hz and Pc = 40 for the
ruffe and knife fish, respectively). The cut-off frequencies (fcm) of the fits are 98 Hz for the ruffe and 380
Hz for the African knife fish.
* For clarity, the plotted amplitude of the extracellular receptor potential of the African knife fish was
multiplied with a factor 10.
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The hair cell’s frequency selectivity function was obtained by dividing the component of the
extracellular receptor potential by the component of cupular motion.
3. Results
Figure 2 shows typical examples of the amplitude and phase of the mechanical frequency
responses (open symbols) and the extracellular receptor potential (closed symbols) measured
in the ruffe (squares) and the African knife fish (circles). To show the acceleration detection
characteristics and the related low pass filtering of the cupular frequency response (e.g.
Kalmijn, 1989), responses are plotted as a function of iso-acceleration stimulus frequencies
(referenced to 100 Hz, i.e., measured amplitudes were multiplied by 1002 / fstim
2, with
fstim = stimulus frequency). The solid lines show the fits of a hydrodynamic model for cupular
motion (van Netten, 1991, see legend of Fig. 2) to the measured responses. Fig. 2 clearly
shows that in the knife fish both the cut-off frequency of the mechanical frequency response
(fc,m) and the frequency of maximal sensitivity of the extracellular receptor potentials are about
a factor 3 to 4 higher than in the ruffe.
For all measured mechanical frequency responses a fit of the hydrodynamic model to
the data was made and was used to determine the mechanical cut-off frequency, fc,m. Results of
the mean values of fc,m or the three fish species are shown in the second column of Table I.
The frequency selectivity functions of the hair cells were determined by dividing the
measured extracellular receptor potentials by the mechanical responses of the cupula. Figure 3
shows the amplitude (left) and phase (right) of the frequency selectivity functions for (a) the
ruffe (N = 6), (b) the African knife fish (N = 4) and (c) the clown knife fish (N = 2). The
functions have band filter characteristics. The phase plots show that the phase lead decreases
monotonically from low to high stimulus frequencies. The mean values of the (low-pass) cut-
off frequencies of hair cell activity (fc,h) are shown in the third column of Table I. Figure 3 and
Table I clearly show that these cut-off frequencies are significantly higher in the knife fishes
as compared to that in the ruffe. The ratio between the cut-off frequencies of the ruffe and the
knife fishes is approximately 1.5 to 1.6.
Table I. Mean values and standard deviations of the cut-off frequencies of the mechanical frequency
responses of the cupulae (f c,m), and the (low-pass) cut-off frequencies of the hair cell’s frequency
selectivity functions (fc,h) for the three fish species.
fish species fc,m (Hz) fc,h (Hz)
ruffe                        (N= 6) 110 ± 11 200 ± 20
African knife fish      (N= 4) 400 ± 74 320 ± 20
clown knife fish        (N= 2) 235 ± 81 345 ± 25
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Figure 3. Frequency selectivity functions (amplitude-plot, left; phase-plot right) of hair cells in (a) the ruffe,
(b) the African knife fish and (c) the clown knife fish. The functions are obtained by dividing the component
of the extracellular receptor potential by the component of the mechanical frequency response. Functions,
determined for individual fish, were shifted along the frequency axis as to put the (low-pass) cut-off
frequency at the mean cut-off frequency (Table I, third column). Further the functions were normalized.
Mean values with standard deviations of respectively 6, 4 and 2 experiments are shown. The (low-pass)

































































The present experiments show that cupular mechanics as well as hair cell activity in the
supraorbital lateral line canal of the knife fish is tuned to relatively high frequencies (between
200 and 400 Hz). This frequency range exceeds the highest best frequency for hair cell
activity or lateral line afferent responses described so far (e.g. Münz, 1985).
As shown in Fig. 2, the frequency selectivity functions of the hair cells have band
filter characteristics. The slope at low frequencies has been attributed to the adaptation of the
hair cells (Corey and Hudspeth, 1983a; Kroese and van Netten, 1989). In terms of first-order
filter characteristics, slopes of 20 dB/decade are expected combined with a phase difference
between low and high frequencies of 90 degrees. Except for the slope at low frequencies in the
ruffe, the amplitude slopes are, indeed, approximately 20 dB/decade. The phase behaviour is,
however, not easily interpreted in terms of first order filter characteristics.
In the knife fishes, the extended bandwidths of hair cell frequency selectivity,
characterized by the (low-pass) cut-off frequency, fc,h, correlates with their cupulae being able
to detect a broader range of frequencies of canal fluid acceleration, characterized by the
mechanical cut-off frequency, fc,m. This suggests that the frequency selective properties of both
the cupula and the hair cells are evolved to extract higher stimulus frequencies (up to 300 to
400 Hz) from natural stimuli.
The present results differ from the results of Coombs and Montgomery (1992), who
found a large discrepancy between the bandwidths of modelled frequency response properties
of cupulae and the measured frequency response properties of afferent nerve fibres. They
suggest that the hair cells or the synapse transitions between hair cells and afferent nerve
fibres must attenuate the high frequencies with which the cupula stimulates the hair cell
bundles, and that the frequency selective properties of the cupulae are not reflected in the
afferent responses. In the present experiments no afferent nerve fibre responses were
measured. However, the similarity between frequency responses of extracellular receptor
potentials and afferent nerve fibre responses, as measured in the ruffe (Wubbels, 1990),
indicates that the tuning of the extracellular responses are representative for that of afferent
responses. Our results therefore indicate that the mechanical frequency selective properties of
the cupulae in the ruffe and the two knife fish species are functional.
In the knife fish the sensitivity of the lateral line neuromast to high frequencies may
also facilitate the detection of acoustic stimuli (i.e. underwater sound), since the swimbladder
of this fish is cranially extended and makes connections with the inner ear (Dehadrai, 1957;
Greenwood, 1963; Coombs and Popper, 1982). Furthermore, the lateral line canals on the head
may be coupled to the inner ear via a flexible lateral window in the skull (Kapoor, 1964;
Greenwood, 1973). This so called oto-physic connection is very similar to that found in
Clupeomorpha (Wohlfahrt, 1936; Gray and Denton, 1979; Blaxter et al., 1981), for which the
lateral line has been found to be pressure sensitive (Blaxter et al., 1981).
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Origin of (low-pass) filtering characteristics of the hair cell’s frequency selectivity function
The amplitude of the extracellular AC receptor potentials is partly shaped by the current
through the voltage dependent K+ channels (see Corey and Hudspeth, 1983a), which in turn
are stimulated via the activity of the mechanosensitive transduction channels. Because of this
membrane voltage dependence, the attenuation of the AC receptor potential can have its origin
in the RC time constant of the hair cell membrane (Corey and Hudspeth, 1983a; Kroese et al.,
1980; Kroese and van Netten, 1989). The difference in (low-pass) cut-off frequency of the hair
cell’s frequency selectivity function between the ruffe and the knife fish then may be due to
differences in RC time constants of the hair cell membranes in the two fish species. Such
differences in filtering properties of hair cell membranes, maximising the AC response to
relevant stimulus frequencies, have been reported for hair cells in different organs (cochlea,
vestibule; reviewed by Correia, 1992), and for hair cells, tuned to different frequencies in the
cochlea (Art and Fettiplace, 1987; Housley and Ashmore, 1992). In these organs, they arise
from differences in total hair cell membrane area, resulting in differences in membrane
capacitance, and from differences in (activated) membrane channel density, resulting in
differences in membrane resistance (Art and Fettiplace, 1987; Correia, 1992; Housley and
Ashmore, 1992).
The difference in temperature of 10 °C at which the experiments of the ruffe (15 oC)
and knife fish (25 oC) were performed may also influence the filtering properties of the hair
cells directly. While the temperature dependence of the membrane capacitance is negligibly
low (Cole, 1963), the conductances of membrane channels have Q10’s of about 1.3 (Hille,
1992; Eatock and Manley, 1981). Thus, assuming that the RC time constant of the hair cell
membrane determines the (low-pass) cut-off frequency (c,h), an increase of fc,h of about a
factor 1.3 is expected for a 10 degrees increase in temperature. Since in the present
experiments a factor of approximately 1.5 to 1.6 was found, the difference in cut-off frequency
is probably not caused by the temperature difference only.
A larger dependence on temperature is expected if the gating kinetics of the
transduction channels determines the (low-pass) cut-off frequency of the AC receptor
potential. The rate constant of opening and closing of transduction channels is given by the
Arrhenius equation (e.g. Corey and Hudspeth, 1983b; Gutfreund, 1995). It can be shown that,
if channel gating causes the cut-off frequency of approximately 200 Hz at 15 oC, the Q10 of
channel gating is expected to be approximately 2.2. Thus, at 25 oC t e cut-off frequency would
be approximately 440 Hz. Since this is higher than the cut-off frequencies of around 320 and
345 Hz found in our experiments, gating kinetics is not a likely candidate to determine the cut-
off frequency of the hair cell transfer function.
It can thus be concluded that the difference in (low-pass) cut-off frequency between
the frequency selectivity functions of the hair cells in the ruffe and the knife fish are probably
caused by differences in RC-time constants of the hair cell membranes between the fish
species. These differences in membrane time constants may be partly due to differences in
environmental temperature. Differences in hair cell membrane area or in (activated) membrane




Cupular mechanics of head canal neuromasts in the lateral line of the African knife fish and
clown knife fish is sensitive up to higher frequencies than in the ruffe. The frequency
selectivity functions of the hair cells show that the filtering properties of the cell membranes
are also higher and thus may be adapted to the mechanics. The extended bandwidth of both the
mechanical frequency response of the cupula and the frequency selectivity of the hair cells
suggest that the supraorbital canal neuromast in the knife fish is evolved to extract higher
frequency components, up to 300 to 400 Hz, from natural stimuli.
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Chapter 4
Amiloride causes changes in the mechanical properties of
hair cell bundles in the fish lateral line
similar to those induced by dihydrostreptomycin
J. Esther C. Wiersinga-Post and Sietse M. van Netten
Abstract
Amiloride is a known blocker of the mechano-electrical transduction current in sensory hair
cells. Measurements of cupular motion in the lateral line organ of fish now show that
amiloride concurrently changes the micromechanical properties of the hair cell bundles. The
effects of amiloride on the mechanics and receptor potentials of the hair cells resemble those
previously observed for the aminoglycoside drug dihydrostreptomycin (DHSM) and are
similarly antagonized by Ca2+.
Amiloride and DHSM are hypothesized to act on hair cells in two correlated ays,
which manifest themselves in both the electrical and mechanical properties of the transduction
process. One action is the reduction of the transduction current with a concurrent increase of
the hair bundle stiffness. The other action is a shift of the hair cell’s operating point on a
current-displacement curve, with a concomitant shift along the associated hair bundle
stiffness-displacement curve. The latter action has a reversed effect as compared to that of the
first and may lead, at relatively low blocker concentrations, to both an increase of transduction
current and a decrease in hair bundle stiffness.
1. Introduction
The vertebrate sense of hearing is based on mechanical signals received and processed by
sensory hair cells. These cells also perform the primary mechano-transduction in the vestibular
system and the lateral line organs of fishes, and possess a mechanoreceptive organelle, the hair
bundle. Deflections of the hair bundle as small as atomic dimensions can be detected (e.g.
Khanna and Leonard, 1982).
In contrast to photo- and olfactory reception, the molecular basis of mechano-
reception is poorly understood. The engaging machinery of the transduction channel, its
molecular identity and its precise location in the cell’s membrane are still unknown. Most
likely the channels reside somewhere near the tips of the stereocilia (Hudspeth, 1982;
Hackney et al., 1992; Denk et al., 1995). Structural candidates for the engaging machinery in
that region are the tip links, tiny strands connecting the individual stereociliar tips (Pickles, et
al. 1984), or membrane patches in the contact region between individual stereocilia (Hackney
et al., 1992; Furness et al., 1997).
The most comprehensive model of mechano-electrical transduction to date assumes
that the deflection of a hair bundle is transferred into a direct force on the transduction
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channel’s gate via an elastic element, termed the gating spring (Corey and Hudspeth, 1983b;
Howard and Hudspeth, 1988). Increased tension on the gating spring enhances the free energy
of the channel favouring its opening. Although this “gating spring model” is usually
associated with the tip links, a similar functional description may possibly be based on
shearing motion of elastic membrane elements (Hackney et al., 1992; Furness et al., 1997).
Pharmacological agents binding to channel proteins are widely used to probe the
molecular properties of ion channels. The current through the mechano-electrical transduction
channel of hair cells is blocked by both aminoglycosides (Kroese et al., 1989) and amiloride
(Jørgensen, 1985; Jørgensen and Ohmori, 1988; Rüsch et al., 1994). Both blockers probably
have a common binding site somewhere near the contact region of adjacent stereocilia rather
than at sites near the tip links (Furness et al., 1996). It is therefore interesting to investigate
how these blockers interfere with the mechanical properties of the transduction channel. In the
present paper we describe such blocker-induced mechanical changes of the hair bundles in the
fish lateral line in vivo.
Hair cells in the supraorbital lateral line organ of the ruffe (Acerina cernua L.) are
grouped together in neuromasts, located in sub-epidermal canals on the head (Jakubowski,
1963). The hair cell bundles project into overlying accessory structures, called cupulae (Flock,
1967). Neuromasts are relatively easily accessible, and it is possible to make steady recordings
for several hours of nanometer displacement responses of the cupula while monitoring the
transduction current via extracellular receptor potentials.
Previous studies on cupular mechanics have shown that the elastic coupling of the
cupula with the underlying epithelium can be attributed to the stiffness of the hair cell bundles
protruding into the cupula (van Netten and Kroese, 1987). Therefore, measurement of the
displacement responses of the cupula provides information about the mechanical properties of
the hair bundles and, due to their mechanical coupling to the transduction channels, about the
channels’ gating mechanism (e.g. van Netten and Khanna, 1994). More specifically, cupular
displacement in response to low frequency (< 50 Hz) canal fluid flow is proportional to the
inverse of the mechanical hair bundle impedance. Therefore, in the present study, cupular
displacement is used as a monitor of hair bundle stiffness and damping.
2. Methods
(a) Preparation
Twenty-five ruffe (Acerina cernua L.) with body lengths ranging from 10 to 14 cm were used
for this study. Fish were anaesthetized with an intraperitoneal injection of Saffan (Pitman
Moore, ca 50 mg/kg body weight) and placed in a fish tank with tap water, where they were
artificially respired and held rigidly in place with head and body clamps.
 Supraorbital canal neuromast no. 3 (see Jakubowski, 1963) was exposed by gently
removing the overlying skin and bony bridge. The condition of the cupula and hair cells was
visually monitored with an incident light polarizing microscope (ILPM; Kroese and van
Netten, 1987).
(b) Mechanical stimulation
Neuromasts were stimulated with canal fluid motion produced by a small glass sphere (Ø 0.8
mm) placed inside the canal about 4 mm rostral of the cupula. The sphere was connected to a
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piezoelectric bimorph moving sinusoidally in the direction of the longitudinal axis of the canal
at frequencies of 30, 46 or 250 Hz. The amplitude of the displacement of the sphere was 3 µm,
which evoked extracellular receptor potentials well below saturation. At low frequencies,
resulting variations of the membrane potential are estimated not to exceed 15 mV (e.g. Kroese
and van Netten, 1989).
(c) Measurement of cupular motion
Cupular motion was measured with a differential heterodyne laser interferometer coupled to
the ILPM (e.g. van Netten, 1988). Two laser beams, derived from a He-Ne laser (Spectra
Physics, 127), are shifted in frequency using two acousto-optic cells  (f1 = 40.0 MHz, Polytec;
f2 = 40.4 MHz, Isomet, 1201E) and focused on a natural irregularity in the cupula.
Backscattered laser light consists of a carrier (f2 -f1 = 400 kHz), which is phase modulated in
proportion to the displacement of the cupula. Backscattered laser light was detected with a
photomultiplier (Hamamatsu, R1477) and demodulated with a modified frequency
demodulator (Polytec, OFV 3000). The output signal of the demodulator is proportional to the
velocity of the cupula within the range of 10-1-103 µm/s.
Velocity signals were low pass filtered with an 8 pole Bessel filter (Frequency Devices) of
which the cut-off frequency was set at 8x the stimulus frequency, and amplified  before they
were digitized with a 16 bit A/D converter (Ariel, DSP-16) at a sampling frequency of 64x the
stimulus frequency. Responses to stimuli consisting of 16 periods were averaged 20 times.
Amplitude and phase of the component of cupular displacement at the stimulus frequency
(principle component) were calculated using a fast Fourier transform (FFT) of the averaged
velocity response. In Fig. 1a examples of amplitude spectra of cupular displacement to a
46 Hz stimulus are depicted, which show the principle components to dominate the responses.
Signal to noise ratios of the principle component were typically 20 dB.
(d) Measurement of extracellular receptor potentials
As a monitor of the AC receptor current of the hair cells, extracellular receptor potentials were
measured (e.g. Corey and Hudspeth, 1983a) using a silver wire electrode (Ø 0.03 mm),
insulated except for the tip, which was placed in the canal near the cupula (~ 0.6 mm) at its
caudal side. An AgCl coated reference electrode was placed in the trunk of the fish. The signal
was AC amplified 10000 times (PARC 113) and subsequently low pass filtered with a 16 pole
Elliptic filter (Difa) with a cut-off frequency at 16x the stimulus frequency. The extracellular
receptor potential was measured simultaneously with the mechanical response and digitized
similarly. Amplitude and phase of the principle component were extracted using an FFT. The
principle component of the extracellular receptor potentials occurs at twice the stimulus
frequency, due to the activity of two oppositely oriented populations of hair cells (e.g. Flock,
1971). Figure 1b shows examples of amplitude spectra of extracellular receptor potentials to a
46 Hz stimulus. Signal to noise ratio’s  of the principle component were typically 30 dB.
(e) Application of amiloride and dihydrostreptomycin
The fish tank (volume 0.7 l) was part of a closed water circuit (volume 3.5 l), which was
initially filled with tap water. Amiloride hydrochloride (RBI) was applied to produce
concentrations of 10, 25, 50, 100, 200 or 300 µM. Control experiments using ink showed that
the concentration in the fish tank reached 90 % of its final level within 6 min after application.
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The wash out time was similar. Dihydrostreptomycin (DHSM) (Sigma) was applied using the
same procedure, to obtain concentrations of 18 or 34 µM.
(f) Application of Ca2+ nd EGTA
The concentration of Ca2+ in normal tap water was approximately 1.5 mM. The Ca2+
concentration was increased to 5 mM (one experiment) or 10 mM (two experiments) by
adding CaCl2  (Merck). The influence of adding CaCl2 on the pH (7.2) and the conductance of
the fluid appeared to be negligible. The Ca2+ concentration was decreased by adding EGTA
(Aldrich) (0.75 mM in two experiments and 1.0 mM  in one experiment). In the experiments
with EGTA, 5 mM HEPES and 3.4 mM NaOH were added in order to maintain a constant pH
of 7.2. Since we were interested in the direction of the change due to a rise or a drop of the
extracellular Ca2+ concentration, no attempts were made to measure the resulting exact
concentrations of Ca2+.
3. Results
Hydrodynamic stimuli at low frequencies (e.g. 30 and 46 Hz) evoke cupular displacements
that are inversely proportional to the collective impedance of the hair cell bundles protruding
into the cupular base (van Netten, 1991). Measurement of cupular motion at these frequencies
thus provides information on induced changes in hair bundle mechanics. Cupular motion,
induced by hydrodynamic stimuli at 250 Hz, is not related to hair bundle mechanics. Thus, if
amiloride were to change hair bundle mechanics, cupular motion should only be affected at
low frequencies.
(a) Effects of amiloride on cupular motion
At low frequencies, application of amiloride in concentrations of  25 to 300 µM clearly
influences the motion of the cupula (N=16).
As an example, effects of 100 µM amiloride on cupular motion at 46 Hz are shown in
Fig. 1c (l). Amiloride induces a transient rise of the amplitude of cupular displacement
peaking at about 13 min after application. The increase is accompanied by a phase lag, which
continues after the transient amplitude rise. As expected when amiloride affects hair bundle
mechanics, no changes in cupular displacement are observed  at 250 Hz (Fig. 1d, l).
The effects on the amplitude and phase of cupular displacement depend on the
concentration of amiloride. At lower amiloride concentrations (25 and 50 µM) the effects on
cupular motion are comparable but much slower (maximum amplitude after about 40 min, not
shown).
(b) Effects of amiloride on the extracellular receptor potential
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The effects of 100 µM amiloride on the extracellular receptor potential are shown in Fig. 1c
and d (¡). At 250 Hz, the amplitude of the extracellular receptor potential decreases strongly
and there is a small change of its phase (Fig. 1d). Since no concurrent changes in hair bundle
motion are induced, these reductions can be attributed to the electrical effect of blockage by
amiloride. A dose-response (extracellular receptor potential) curve, using results from 15
experiments covering a concentration range of 10 -300 mM, was derived at this stimulus
frequency (250 Hz). Fitting the Hill equation (e.g. Aidley and Stanfield, 1996; see also section
4d) to these results, using a Chi-squared minimization method, yielded a KD  of 46 ± 3 (s.e. =






























































Figure 1. Amplitude spectra of(a) cupular displacement and (b) extracellular receptor potential responses
to a 46 Hz stimulus, before (t = 0 min, control,  = mech. , 9 = elec.) and after (t = 13 min,   = mech., u =
elec.) application of 100 mM amiloride. The principle response components of the spectra (cupular
displacement at fstim = 46 Hz and extracellular receptor potential at 2·  fstim = 92 Hz) show a significant
increase after application of amiloride. (c,d) Amplitude and phase of principle response components of
cupular displacement (l , left y-axes) and extracellular receptor potentials (¡, right y-axes) at (c) 46 Hz
and (d) 250 Hz, as a function of time; t = 0 min: application of 100 mM amiloride, t = 40 min: wash out of
amiloride. The vertical arrow in (c) indicates a wash out transient.
































































































standard error) µM and a Hill coefficient of 1.8 ± 0.2 (s.e.).
The initial effect of the channel blocker amiloride on the extracellular receptor
potential at low frequencies (46 Hz, Fig. 1c) is not a decrease but rather an increase of its
amplitude. The initial changes in amplitude and phase closely follow cupular motion. The
increase in electrical response, however, is not likely to be solely attributable to the increased
mechanical input. The maximum amplitude of the extracellular receptor potential at 46 Hz (t =
13 min) is found when about half of the number of transduction channels are blocked, as
estimated from the reduction of the extracellular receptor potential with a factor of about two
at 250 Hz (Fig. 1d) at t = 13 min. The increase of the electrical responses at 46 Hz, after
correction for blockage, usually exceeded the increase expected from the input-output
relationship between cupular motion and extracellular receptor potential. An additional cause
of the increase of the extracellular receptor potential will be discussed (section 4b).
 (c) Effects of Ca2+
An increase of the extracellular Ca2+ concentration inhibits the effects of amiloride (Fig. 2, 10
mM Ca2+ was applied at t = -10 min). The increased extracellular Ca2+ concentr tion reduces
the amplitude of the extracellular receptor potentials (e.g. Corey and Hudspeth, 1983b). After
the additional application of 100 mM of amiloride, at t = 0 min, no changes of the amplitude
and phase of both the cupular displacement and the extracellular receptor potential due to
amiloride were observed such as found after application of 100 µM amiloride only (Fig. 1c).
It was found that the Ca2+ chelator EGTA enhances the effects of amiloride. The
effects of amiloride (50 and 100 mM) in combination with EGTA on the mechanics and
extracellular receptor potential were comparable to the effects of a 2 to 4 times higher
amiloride concentration in normal tap water (not shown).
(d) Comparable effects of dihydrostreptomycin
The effects of DHSM are similar to those found for amiloride. Figure 3 shows the effects of
DHSM on both cupular motion (l) and the extracellular receptor potential (¡) a   stimulus
frequency of 30 Hz. In this experiment, 18 µM DHSM was applied at t = 0 min and, after
wash out of this dose, 34 µM DHSM was applied at t = 135 min. The difference in the
behaviour of the response at the two drug concentrations is clearly visible. During the first
Figure 2. The almost abolished effect of 100 µM
amiloride during an increased Ca2+ level (10 mM) on
the amplitude and phase of cupular displacement (l,
left y-axes) and the extracellular receptor potential
(¡, right y-axes) in response to a stimulus frequency
of 30 Hz; t = -10 min: application of Ca2+, t = 0 min:
application of 100 µM amiloride.
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concentration, which was close to two times KD (= 8 µM, Kroese et al., 1989), an almost
stable increased amplitude of both cupular displacement and extracellular receptor potential is
found, whereas, at the higher drug concentration, the rise in amplitudes is followed by a sharp
decrease.
4. Discussion
The results of this study unequivocally demonstrate that amiloride changes the motion of the
cupula in vivo in response to canal fluid flow at low frequencies. It can thus be concluded that
amiloride changes the mechanical properties of the hair bundles, since the motion of the
cupula at these frequencies is controlled by the mechanics of the hair bundles of the
underlying hair cells (van Netten and Kroese, 1987; van Netten and Khanna, 1994). Further,
the effects of amiloride on hair bundle mechanics are similar to those induced by the
aminoglycoside drug DHSM.
The changes in hair cell bundle mechanics are synchronized with the electrical effects
of amiloride on the transduction channels (46 Hz, Fig. 1c). In the present study, the electrical
effect of blockage is most clearly evidenced by the reduction of the extracellular receptor
potential at high frequencies (250 Hz), at which the mechanical input to the hair bundles is not
changed by amiloride (Fig. 1d), thus enabling the separation of mechanical and electrical
effects. The dose-response (extracellular receptor potential) curve of blocking by amiloride,
uncorrected for binding time constants (e.g. Rüsch t al., 1994) and fitted by the Hill equation,
yields KD = 46 ± 3 (s.e.) µM and  = 1.8 ± 0.2 (s.e.). This closely resembles the result of
Rüsch et al. (1994): KD = 53 ± 3 (95% confidence limits) µM and  n = 1.7 ± 0.3 (95%
confidence limits), and to some extent also agrees with the
finding of Jørgensen and Ohmori (1988): KD = 50 µM and n
Figure 3. The effect of 18 and
34 µM DHSM on the amplitude and
phase of cupular displacement (l,
left y-axes) and the extracellular
receptor potential (¡, right y-axes)
in response to a stimulus frequency
of 30 Hz; t = 0 min: application of
18 µM DHSM, t = 70 min: wash out
of DHSM, t = 135 min: application
of 34 µM DHSM, t = 195 min: wash
out of DHSM. The vertical arrow
indicates wash out transients.


































































= 1 (see section 4d).
Due to the external application and the high diffusion barriers of the sensory
epithelium, amiloride seems most likely to be exerting its mechanical and electrical action on
the hair cells directly via the transduction channels and not, for instance, via the efferent
system or other actions on the animal. This is confirmed by the general agreement of the
present in vivo electrical blocking results with those of the in vi ro patch-clamp studies by
Rüsch et al. (1994) and Jørgensen and Ohmori (1988). Furthermore, other physical properties
affecting cupular motion, like fluid viscosity and fluid density, are very unlikely to have
changed by the amiloride concentrations used. Also, cupular shape and volume, as visualized
with the ILPM, were found not to change.
(a) Model explaining an increase in mechanical responses
Under normal conditions, cupular responses to low frequencies (e.g. 30 or 46 Hz) of fluid flow
past the cupula are predominantly impeded by the reactive component (stiffness) of the hair
bundle impedance (van Netten and Kroese, 1987; 1989a).
It has been proposed previously that the action of DHSM on hair bundle mechanics at
low frequencies was to decrease the impedance resulting in increased motion of the cupula
(van Netten and Kroese, 1989a). This proposal was based on a specific micromechanical
model of the hair bundle (Fig. 4), accounting for mechanically mediated adaptation of the
transduction current (Howard and Hudspeth, 1987). This model consists of a spring, Spiv,
associated with the elastic pivoting of the bundle around its rootlet, in parallel with a damping
element, R, in series with the gating spring, Sgs, that is thought to engage the transduction
channels. Increased cupular response and reduction of the phase lead at low frequencies, as
induced at intermediate concentrations of DHSM, could be explained with a fourfold
reduction of the damping of element R, while Spiv and Sgs remained constant.
The experimental results of the present study show a remarkable similarity  between
the effects induced by amiloride and those found after DHSM  application. Indeed, using the
same mechanical model, a fourfold reduction of R explains the measured changes in both
amplitude and phase of cupular motion as induced at intermediate amiloride concentrations
(50 µM). However, a reduction of R also reduces the tension on Sgs. I  the model, a reduced
tension decreases the transduction current (Howard and Hudspeth, 1987). Thus reducing R can
not explain the measured increase of the extracellular receptor potential (46 Hz). Another
complication is that the transient increase of both cupular motion and extracellular receptor
potential cannot readily be explained by a simple monotonic reduction of R.
To describe transient increases in both mechanical and electrical responses, we will
consider in the next section an alternative hypothesis, which involves a reduction in hair
bundle impedance via a change in hair bundle stiffness component, Sgs.
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(b) Shift of operating point of transduction by amiloride and DHSM
The enhanced cupular motion and AC receptor current at low frequencies after amiloride and
also DHSM application can be qualitatively explained by a shift of the operating point of
transduction. The operating point shifts along the Xgs-axis of the receptor current-displacement
(Itr-Xgs), and stiffness-displacement (Shb-Xgs) curves into the positive direction (uÕb i  Fig. 5).
To properly account for the physical blocking action of the drugs, both curves also have to be
rescaled (dashed curves), as will be outlined below.
The (Itr-Xgs) and (Shb-Xgs) curves specifically relate the extension of the gating spring,
Xgs, to the evoked transduction current, Itr, a d the effective hair bundle stiffness, Shb. The
deviation from constant normalized stiffness, termed gating compliance, D(Xgs), results from
the gating springs and the transduction channels engaged by them. Such curves have been
found experimentally, and their (basic) shapes can be described  by a two-state model of the
transduction channel (Corey and Hudspeth, 1983b; Howard and Hudspeth, 1988; Russell et
al., 1992; van Netten and Khanna, 1994).
As can be seen in Fig. 5b, a shift of the hair cell’s operating point to the right (uÕb),
in combination with rescaling the (Itr-Xgs) curve (dashed curve), results in an enhanced
sensitivity of the AC receptor current in response to AC changes in gating spring extension. In
Fig. 5a, a concomitant shift along the (Shb-Xgs) curve and rescaling (dashed curve) decreases
the effective stiffness of the hair bundle. The decreased hair bundle stiffness results in an
enlarged cupular vibration and thus hair cell input. This enlarged hair cell input, together with
the enhanced current sensitivity, increases the AC receptor current to a small sinusoidal
stimulus of low frequency fluid flow.
For the electrical as well as the mechanical response, the enhancing effects of the
shift of the hair cell’s operating point are counteracted by the physical blocking action of the
drug, which has been indicated by the rescaled dashed curves in Fig. 5. This is obvious for the
Itr-Xgs curve, where rescaling simply implies multiplication with the fraction of unblocked
channels. A related mechanical effect is that the gating compliance, D(Xgs), is multiplied with
the same fraction (Fig. 5a). Such a reduction of D(Xgs) is to be expected if the transduction
channels that are blocked no longer change their conformational state in response to changes
in the gating spring tension, and as a consequence do not contribute anymore to the gating
compliance. This assumption is in accordance with Howard and Hudspeth’s finding (1988)
that the gating compliance disappears at fairly high concentrations (>> KD) of the
aminoglycoside gentamicin. It is also in line with evidence that DHSM and amiloride only
Figure 4. Mechanical model of the hair bundle,
consisting of a resistive element, R, placed in series
with the stiffness of the gating spring, Sgs, and parallel
to the pivotal stiffness of the hair bundle, Spiv. A
reduction of R only explains the observed mechanical
changes at intermediate drug concentrations (~ KD). Xgs




bind to the transduction channel when it is open (Kroese et al., 1989; Denk et al., 1992; Rüsch
et al., 1994).
For the receptor potential and the mechanical response to increase, the enhancing
mechanism (shifting) has to predominate the counteracting effect of the physical block
Figure 5. Hypothetical action of amiloride and DHSM on hair cell transduction. Normalized hair bundle
stiffness, Shb (a), and transduction current, Itr (b), are plotted as a function of the extension of the gating
spring, Xgs, as described by a two state model of the transduction channel (Corey and Hudspeth, 1983b;
Howard and Hudspeth, 1988). The solid lines represent the control input-output curves and the dashed
lines the situation in which part of the channels are blocked (drug concentration ~ KD). Blockage of
transduction channels not only rescales the transduction current and the gating compliance, D(Xgs),
(dashed curves), as resulting from the physical block. It also shifts the hair cell’s operating point from
point u to point b (see discussion). In point b, therefore, the effective hair bundle stiffness is decreased,
but also the hair cell’s electrical sensitivity to (small) changes in gating spring extension is increased. The
combination of rescaling and shifting thus results in an enlarged mechanical (AC) response and electrical
(AC) response to a vibrational hydrodynamic stimulus. At drug concentrations substantially larger than KD
(not shown in this figure), the gating compliance decreases further, resulting in a decreased mechanical
response. The electrical response then decreases, due to the decreased mechanical input as well as the
increased electrical blockage of the transduction channels.
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(rescaling). This happens, as expected, at low and intermediate drug concentrations (  KD). In
line with this is the observed transient behaviour of cupular response and receptor potential at
higher concentrations of the drug (> KD). During the diffusion of amiloride through the cupula,
concentrations local to the hair cells become first of the order of KD, thus giving rise to an
increased cupular vibration and AC receptor current. After a few minutes, concentrations rise
substantially above KD, and the initially increased amplitudes decrease, because the effects of
the reduction of the gating compliance and the blockage of the transduction current start to
dominate the responses (Fig. 1c). The shape of the response on drug concentration is also
clearly evident from the experiment with two different DHSM concentrations (Fig. 3). It also
shows that after wash out of solely the high concentration the responses show an additional
transient rise (arrow), as expected. Such wash out effects were usually not so clearly
observable using amiloride (arrow Fig. 1c), presumably because of its poorer reversibility.
Similar concentration- and frequency-dependent behaviour has been previously
reported for the action of DHSM on lateral line receptor potentials (Kroese and van den
Bercken, 1982). This can now similarly be understood.
In Fig. 5, the hypothetical effect of the drugs on only one hair cell is shown. In the
present experiments cupular motion and the extracellular receptor potentials are affected by
two oppositely oriented populations of hair cells (Flock, 1971). If this is taken into account,
the hypothesized changes in the mechanical responses and the extracellular receptor potentials
are in the same direction as those for one hair cell population and can thus be similarly
interpreted.
Many changes induced by the drugs amiloride and DHSM can be interpreted with the
present hypothesis. Several parameters still have to be quantified, specifically the extent of the
shift of the hair cell’s operating point (Xb(c) - Xu) along the Xgs-axis, as a function of
concentration, c. Precise determination of its extent, especially at higher concentrations, is
difficult because of the dominating blockage of receptor current and reduction of the gating
compliance, due to the physical block.
The observed phase drops are not explained by the shifting mechanism. These phase
drops might be attributed to possible concurrent changes in R (see s ction 4a). In terms of the
micromechanical model of the hair bundle (Fig. 4), this means that the drugs might cause a
reduction of the damping element (R) in addition to the proposed shift of the operating point
and the physical block.
(c) Relationship of the shifting mechanism to Ca2+ and adaptation
The above functional description of the action of low concentrations of amiloride and DHSM
corresponds to an increase of the transduction current under no stimulus conditions (silent
current). This agrees with reports on the effects of other aminoglycosides on isolated hair
cells, such as an increased silent current (Hacohen et l., 1989; Assad and Corey, 1992) and
(delayed relaxated) changes in resting position of the hair bundle into the (negative) direction
commensurate with an increased silent current (Denk et al., 1992).
These observations were related to the influence of the drugs on the influx of Ca2+
through the transduction channels, which is thought to control the process of adaptation
(Eatock et al., 1987). It has been proposed that the influx of Ca2+ thr ugh the transduction
channels results in an increased probability of the transduction channels to close, either via its
effect on an adaptation motor (Howard and Hudspeth, 1987; Hacohen et al., 1989; Assad and
Corey, 1992), or through a Ca2+-dependent conformational change of the transduction channel
Chapter 4
44
(Crawford et al., 1989). Less Ca2+ entering the transduction channels results in the opposite
effect, so that the open probability increases (Hacohen et al. 1989; Crawford et al., 1991). It
may thus be possible that amiloride and DHSM, by preventing Ca2+ from entering the cell,
cause an increased open probability of the remaining unblocked transduction channels
resulting in an enlarged silent current. This could also explain the increased spontaneous
afferent nerve activity observed in the lateral line organ after DHSM application (Kroese and
van den Bercken, 1982).
An interference of amiloride with the Ca2+ influx is further supported by the presently
demonstrated antagonizing effect of Ca2+ on the action of amiloride. A similar antagonizing
effect of Ca2+ on the action of DHSM was described previously (Kroese and van den Bercken,
1982).
(d) Bias in determination of KD and Hill coefficient
The use of the Hill equation to describe the electrical effect of blockage of an ion channel as a
function of concentration is justified when only an electrical block (i.e. only rescaling in Fig.
5b) is implied (e.g. Aidley and Stanfield, 1996). The shifting mechanism and the rescaling of
the gating compliance can mathematically be added to the Hill equation resulting in the




































































































where the subscripts u and b refer to the unblocked and blocked situations, and S denotes hair
bundle stiffness, and where nth order cooperativity is assumed. Xu is the resting gating spring
extension under unblocked conditions and Xb(c) under blocked conditions. Note that the last
factor after the last equal sign is essentially the Hill equation.
The first factor after the last equal sign reflects the change resulting from the change
in stiffness (shift and rescaling in Fig. 5a). Based on the shapes of curves, such as depicted in
Fig. 5a, this factor tends to increase the current at low and intermediate concentrations (  KD)
while slightly decreasing it at concentrations above KD , du to the decreased gating
compliance. This could, under stiffness dependent conditions, effectively yield an
overestimate of the Hill coefficient. Since in our study the Hill coefficient was derived at
stimulus frequencies of 250 Hz, and thus under stiffness independent conditions, the factor
related to the stiffness change did not affect our results (=1).
The second factor after the last equal sign accounts for the change in sensitivity of the
Itr-Xgs curve (shift in Fig. 5b). The extent of the shift is not quantitatively known. Thus, the
effect of the second factor is difficult to predict.
It may thus be concluded that fitting the dose-transduction current curves with the
Hill equation may be biased depending on the experimental conditions (e.g. imposed or
stiffness controlled hair bundle motion, extracellular Ca2+ concentration) and also on the
proportion of intact transduction channels.
(e) Comparison of modes of action of amiloride and DHSM
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As discussed above, results from fitting dose-response curves with the Hill equation may be
biased. This especially complicates a proper comparison of the data sensitive Hill coefficients
obtained from various preparations in combination with different techniques. Values found for
the dissociation constant (KD) of amiloride, nonetheless, are quite similar (KD » 50 mM) and
are of the same order as those found for various aminoglycosides (2-95 µM; Kroese et al.,
1989). Experimental results on voltage dependence of the block by both drugs also seem to be
similar (Rüsch et al., 1994; Kroese et al., 1989; Kimitsuki and Ohmori, 1993). Further, both
drugs bind to the transduction channels when they are open and have no effect when applied
intracellularly (Kroese t al., 1989; Rüsch et al. 1994).
Immunolabelling of the contact region of neighbouring stereocilia with an antibody
raised against an amiloride sensitive channel fails if the hair cells are incubated with DHSM,
suggesting a common binding site (Furness et al., 1996), which is possibly related to the
transduction channel (Hackney et al., 1992).
Our study in addition shows that amiloride and DHSM not only have a similar effect
on the electrical properties of the transduction channels but also on their mechanical
properties. If the proposed shifting mechanism is a direct consequence of reduced Ca2+ influx,
we would expect each blocker that prevents the channel from changing its conformational
state to induce similar mechanical changes.
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Introduction to pitch perception
Pitch perception
Common sounds with a well defined pitch are e.g. sounds produced by our vocal chords or by
musical instruments. Such complex periodic sounds contain a fundamental frequency and a
large number of harmonic overtones. The pitch of these sounds is related to the repetition rate
of the waveform of the sound and covaries with its fundamental frequency. Research on pitch
perception has concentrated on two questions: i) which physical parameters determine pitch
and ii) how these physical parameters are processed in the auditory nervous system.
Psychophysical experiments have elucidated many aspects of the first question. About the
second question much remains unknown. It is, for example, still unknown whether, at the
peripheral level of the auditory nerve, temporal patterning of neural firings (temporal coding)
or the rate-place patterning of neural firings (place-rate coding) is used to transmit information
concerning frequency to the central nervous system. To understand what is meant by place-
rate and temporal coding, some basic knowledge about the working mechanism of the inner
ear is required.
In the inner ear, the different frequency components of a complex sound excite
different parts along the basilar membrane (von Békésy, 1960). High frequencies excite the
basal part of the basilar membrane, while low frequencies travel through the cochlea and have
their maximal response at the apical part of the basilar membrane. Due to the approximately
logarithmic cochlear frequency map and the limited frequency resolving power of the cochlea,
the relatively widely spaced lower harmonics of a complex sound are resolved, while the
higher harmonics, which are spaced more closely, remain  unresolved.
A resolved harmonic causes the basilar membrane to vibrate nearly sinusoidally at the
place of resonance. The sensory hair cells, which are stimulated by the basilar membrane
vibration, excite the auditory nerve fibres during positive deflection of the basilar membrane
(resulting in a deflection of the hair cell bundle towards the taller stereocilia) and inhibit the
auditory nerve fibres during negative deflection. Because of this phase locking behaviour, the
temporal pattern of nerve fibre activity contains information about the frequency of a resolved
component (temporal coding), as long as stimulus frequency is not too high (< 5 kHz, Rose et
al., 1967). The mean overall activity of the nerve fibres increases during stimulation, because
the excitation during positive deflection predominates the inhibition during negative deflection
(e.g. Rose t al., 1967). Since most auditory nerve fibres are innervated by only one (inner)
hair cell (Spoendlin, 1972) located at a certain position of the basilar membrane with a defined
resonance frequency, also the increased activity gives information about the frequency of the
component (place-rate coding).
 Unresolved harmonics produce an amplitude modulated basilar membrane vibration
of two or more superimposed frequency components. The amplitude modulation of this
vibration depends on the phase relation of the harmonics and its frequency equals the
frequency difference between the harmonics. For a harmonic complex sound, this is the
frequency of the fundamental. The auditory nerve fibres can, under certain loudness and spike
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rate restrictions, code the amplitude modulation and temporal fine structure of the vibration of
the basilar membrane in their temporal activity pattern (Horst e  al., 1986).
Theoretically there are several ways in which the central nervous system can extract
the pitch of a complex sound, which is related to the frequency of the fundamental: Firstly, the
activity of nerve fibres representing the fundamental component gives information aboutthe
fundamental, both via the place of activation along the basilar membrane and through their
temporal firing pattern. Secondly, the amplitude modulated temporal pattern of the activity of
nerve fibres innervated by the interference pattern of unresolved harmonics contains
information about the fundamental frequency. Thirdly, the nerve fibres innervated by resolved
harmonics contain, via rate-place or temporal coding, information about the frequencies of
these harmonics. Since these are all multiples of the fundamental frequency, the combined
activity of several auditory channels can be used to extract the fundamental pitch.
In the history of auditory research on pitch perception, all three sources of
information were proposed to be essential for the perception of pitch (for a review see e.g. de
Boer, 1976). It is now clear that periodic sounds containing no energy at the fundamental
frequency evoke a well-defined pitch corresponding to this frequency, also if no energy at this
frequency is reintroduced by aural nonlinearities (Seebeck, 1841; Schouten, 1938; Licklider,
1954). This means that the first mentioned source of information is not essential for hearing
the fundamental pitch. The first theory dealing with this so-called ‘pitch of the missing
fundamental’ was the residue theory of Schouten (1940). In this theory the fundamental pitch
is extracted using the temporal activity pattern of nerve fibres stimulated by unresolved
frequency components. Physiological experiments showed that, indeed, the temporal firing
pattern of the auditory nerves, which are stimulated by unresolved frequency components,
contains information about the temporal fine structure of the basilar membrane vibration (e.g.
Horst et al., 1986). Further, psychophysical experiments showed that the pitch of the missing
fundamental can be perceived if only unresolved frequency components are present in the
stimulus (Hoekstra, 1979; Moore and Rosen, 1979; Houtsma and Smurzynski, 1990).
Figure 1 (right). Ambiguity of three tone complexes. (a) Pitch of three tone complexes as a function of the
frequency of the central component of the complex sound (after Schouten et al., 1962). The inset shows
the amplitudes of the frequency components of the (AM) stimulus. The frequency difference of the
components is, for all stimuli, 200 Hz. n1 = estimated harmonic number of the first frequency component.
[The difference between the theoretical predictions (dashed lines) and the experimental data (solid lines) is
caused by the influence of combination tones (Smoorenburg, 1970)] (b) Temporal waveform of the
stimulus with a central component of 2000 Hz. The ambiguity of the stimulus can be explained if the central
nervous system extracts the time interval between the most prominent peaks in the temporal waveform of
unresolved frequency components. (c) Central representation of resolved frequency components of the
stimulus with a central component of 2000 Hz. The Gaussians centred around the frequencies of the
components represent the limited accuracy with which the frequencies of the components are assumed to
be represented in the central nervous system. The ambiguity of the sound can be explained by





However, this pitch is very weak and it is now clear that low, resolved frequency components
are dominant in determining the pitch of the missing fundamental (de Boer, 1956; Plomp,
1967; Ritsma, 1962; Moore et al., 1985). Strong evidence that information derived from
totally resolved frequency components is used for the perception of pitch comes from
experiments showing that the missing fundamental of a two component complex sound can be
heard if each component is presented to a different ear (Houtsma and Goldstein, 1972). The
discovery of the importance of the low order harmonics in pitch perception resulted in the
development of harmonic pattern recognition models (Goldstein, 1973; Wightman, 1973;
Terhardt, 1979). The basic idea of these models is that, to extract the fundamental pitch, the
central nervous system combines the activity of several groups of auditory nerve fibres, which
are stimulated by different resolved harmonics.
The mechanism by which the central nervous system combines information from
different auditory channels to extract pitch is not known. To be able to answer this question, it
is important to know which code, place-rate or temporal coding, is used to represent the
frequencies of the harmonics. For resolved harmonics, the neural code delivering information
about their frequencies can be based on place or timing information, or both. Several
observations, however, such as the covariation of the precision with which frequencies can be
perceived with the precision to be expected from neural time processing (e.g. Moore, 1973;
Goldstein and Srulovicz, 1977), suggest that timing information is used to represent
frequencies up to 4-5 kHz. It has been suggested that the nervous system compares inter spike
intervals (ISI’s) in the auditory channels to extract the pitch of complex sounds (Licklider,
1951; Goldstein and Srulovicz, 1977; Srulovicz and Goldstein, 1983; Delgutte and Cariani,
1992). The most prominent ISI present in several auditory channels could, e.g. determine pitch
(Moore, 1982). An estimation of the fundamental frequency on the basis of most prominent
ISI’s can also explain that a weak pitch sensation is perceived if a complex sound contains
only unresolved frequency components (Hoekstra, 1979; Moore and Rosen, 1979; Houtsma
and Smurzynski, 1990).
Chapter 6 of  this thesis: Ambiguity of the pitch of complex sounds.
The pitch of a complex is ambiguous when only a few harmonics are present. This is clearly
shown in experiments of, e.g., Schouten et al. (1962). In these experiments, the frequency
components of three tone complexes with a fundamental frequency of 200 Hz were
equidistantly shifted in frequency. The pitch of these inharmonic complex sounds rises if the
frequency components are shifted upwards and falls if they are shifted downwards (Fig. 1a).
The results show that even for a purely harmonic complex (see e.g. Fig. 1a at a centre
frequency of 2000 Hz) a number of discrete pitches (of around 180, 200 and 225 Hz) can be
perceived.
The ambiguity of these stimuli can be explained by the residue theory of Schouten
(1962) as well as harmonic pattern recognition models (e.g. Goldstein, 1973). In the former
case the temporal fine structure of the interference pattern contains information about the
different possible pitches (Fig. 1b). In the harmonic pattern recognition models, the ambiguity
of the pitch results from the spread in the central representations of the frequencies of the
components. In the optimum processor theory of Goldstein (1973), e.g., the fundamental pitch
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is extracted by estimating the harmonic numbers of the frequency components (Fig. 1c). The
limited accuracy of the central representation of the stimulus frequencies (in Fig. 1c
represented by Gaussians centred around the stimulus frequencies) can cause mismatch of the
harmonic numbers, resulting in the ambiguity of  the pitch.
In the experiments described in the next chapter, the relative pitch strength of the
fundamental pitch and alternative pitches is measured and compared with theoretical
predictions derived from a harmonic pattern recognition model. In this model the technique of
sub-harmonic summation (see e.g. Terhardt et al., 1982; Hermes, 1988; Cohen et al., 1995)
was applied to extract the fundamental pitch and alternative pitches.
This sub-harmonic summation procedure can readily be interpreted as a central
mechanism that looks for the most prominent ISI’s present in different auditory channels. Fig.
2 shows the ISI-histograms for nerve fibres stimulated with 1800, 2000 and 2200 Hz (see e.g.
Rose et al., 1967). The most prominent ISI has a length of 1/f sec nds (with f =stimulus
frequency). Because the nerve fibres do not respond at each cycle of stimulation, but can miss
one or more cycles, ISI’s with a length of multiples of 1/f seconds are also found. In the insets
of Fig. 2 it is clearly visible that all three fibres respond with ISI’s of around 5 ms,
corresponding to intervals where the auditory nerve spikes at every 9th, 10th or 11th cycle,
respectively. Also, intervals of around 4.5 ms and 5.5 ms are present in all three fibres. A
central mechanism, determining pitch on the basis of the most prominent ISI’s in different
auditory channels would perceive the pitch of the missing fundamental (200 Hz) and the
alternative pitches of around 222 and 182 Hz. The sub-harmonic summation procedure can
account for such a central mechanism if an n-th order sub-harmonic (with n = integer) is
interpreted as an ISI in which (n-1) cycles are missed. The results presented in chapter 6
indicate that high harmonics contribute less to the pitch perception than low harmonics. Since
the number of ISI’s decreases with increasing values of n, this is expected on the basis of this
mechanism.
Figure 2. Simulation of ISI-histograms of nerve fibres stimulated with 1800, 2000 and 2200 Hz. The insets
clearly show that all three fibres respond with  ISI’s of around 5 ms, but that ISI’s of around 4.5 ms and 5.5




Probability distributions of the pitch of harmonic and inharmonic
three-tone complexes
J. Esther C. Wiersinga-Post and Hendrikus Duifhuis
Abstract
Pitch strength profiles were estimated by repeated measurements of the pitch of three-tone
complexes with the lowest harmonic number, 1, varying from 3 to 11 and with fundamental
frequencies (f0) between 200 and 300 Hz. A pitch matching task was used to obtain information
about the possible pitch values of the stimuli and their relative pitch strengths. The profiles can
be described by probability distributions predicted by a harmonic pattern recognition model that
is based on the strategy of sub-harmonic summation in which the sub-harmonics are represented
by Gaussian probability distributions with standard deviations varying between 0.003×f and
0.07×f (f = sub-harmonic frequency). The results of the high harmonic stimuli, n1 = 9 or 11, show
that the pitch above f0 (for which the harmonic numbers ni are interpreted as (n - 1)i), is much
stronger than the pitch below f0 (f r which the harmonic numbers ni are interpreted as (n + 1)i .
This indicates that not only optimum estimation of the harmonic numbers determines pitch
strength, but that pitch strength also depends on the harmonic numbers of the frequency
components. This dominance of low harmonics occurs at a central level, where the harmonic
numbers of the frequency components are estimated.
1. Introduction
One of the characteristic features of a complex tone containing few harmonics - while missing the
fundamental - is the ambiguity of its pitch. This ambiguity increases with the decrease of the total
number of components (e.g., Houtsma and Goldstein, 1971; Houtsma and Smurzynski, 1990) and
with the increase of the lowest harmonic number (n1) of the complex tone (e.g., Ritsma, 1962;
Houtsma and Goldstein, 1972). These effects are readily interpreted in terms of most of the
present theories dealing with pitch perception of complex tones (Goldstein, 1973; Wightman,
1973; Terhardt, 1979; and later theories: e.g., Duifhuis et al., 1982; Hermes, 1988; Meddis and
Hewitt, 1991; Cohen et al., 1995).  As far as resolved frequency components are concerned, the
perception of the pitch of the missing fundamental can, in all these models, be interpreted as a
harmonic pattern recognition process [note that this does not necessarily exclude the use of
temporal information (Goldstein, 1972)] in which the harmonic numbers, ni, of the re olved
frequency components are estimated.
Natural limitations of the accuracy of the processing of the spectral pattern results in the
ambiguity of the pitch, since the harmonic numbers, ni, of a complex sound can be misinterpreted
as (n ± 1)i, (n ± 2)i, etc. Misinterpretation of harmonic numbers occurs more readily at higher
values of n1, because at high harmonic numbers, relatively small shifts in estimated component
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frequencies provide near optimum estimates at alternative harmonic numbers. If the number of
stimulus components increases, then the probability of misinterpreting an entire complex tone
decreases, simply because it becomes less likely that all of the components are misinterpreted in
the same direction.
Goldstein’s (1973), Wightman’s (1973), Terhardt’s (1979) and later related theories
provide direct quantitative predictions of the relative strength of the correctly estimated
fundamental pitch and the alternative pitches. The relative strength of the correctly estimated
fundamental pitch of two tone complexes with varying harmonic numbers was measured by
Houtsma and Goldstein (1972). Measurements in which the relative strength of the different
alternative pitches are measured were, up till now, not available. Therefore, we measured the
probability distributions of the pitch of harmonic and inharmonic complex sounds.
In a series of pitch matching experiments, subjects were asked to match a comparison
sound to a stimulus that consisted of three harmonic or inharmonic frequency components.
Repeated pitch-matching data were collected for each stimulus in order to warrant the use of the
relative number of adjustments on a certain residue pitch as a measure of its relative pitch
strength. The probability distributions were compared with predictions derived from a harmonic
pattern recognition model, based on the strategy of sub-harmonic summation (SHS). This model
was used as a tool to find out to what extent these probability distributions can be understood on
the basis of optimum estimation of harmonic numbers.
Sub-harmonic Summation
Sub-harmonic summation (SHS) is a method to extract the pitch of complex sounds and is used in
many  theories concerning pitch perception (e.g., Noll, 1964; Schroeder, 1968; Parsons, 1976;
Terhardt et al, 1982; Hermes, 1988; Cohen et al., 1995). These theories are closely related to
theories based on maximum likelihood estimation (Goldstein, 1973; Duifhuis et al., 1982) or
autocorrelation (Wightman, 1973 (autocorrelation in frequency domain); Meddis and Hewitt,
1991 (autocorrelation in time domain); see de Boer, 1977). The SHS method can only be used in
the situation that spectral components are aurally resolved, since phase interactions between
components are neglected.
In the SHS-model used for this study, the stochastic errors that occur during the
processing of the spectral pattern of the aurally resolved frequency components are, as in
Goldstein’s optimum processor theory, described by Gaussian probability distributions centered at
the frequencies of the components. The variance of these Gaussians, a parameter of the model, is
chosen to depend linearly on frequency:
s sf f= × (1)
Figure 1 illustrates the sub-harmonic summation procedure used. In this example the
stimulus consists of harmonics 5, 6 and 7 of a fundamental frequency of 200 Hz (f1 = 1000 Hz,
f2 = 1200 Hz, f3 = 1400 Hz) and s = 10-1.8. For each stimulus component, sub-harmonics are
computed, represented by Gaussian distributions centered around frequency fs / n and with variance
sf  (with f = fs / n), in which fs represents the frequency of the stimulus component and n the sub-
harmonic number. The areas below the Gaussians are kept constant on a linear scale, resulting in


































































Figure 1 (left). Sub-harmonic summation procedure, with s = 10-1.8 and W = 0.45. (a) Frequency components
(f1 = 1000 Hz, f2  =  1200 Hz, f3  = 1400 Hz) with their sub-harmonics. The weight factor, W, reduces the height
of the sub-harmonics for increasing sub-harmonic numbers. The insets in the graphs show inter spike interval
(ISI) histograms, which can be measured in the auditory nerve (cf. Rose et al., 1967). Note the analogy between
the ISI-histograms and the weighted sub-harmonics, indicating that the physiological mechanism extracting
pitch might process ISI-times. (b) Sub-harmonic sum of three sub-harmonics. The pitch of 200 Hz is dominant
(harmonic numbers are estimated as 5, 6 and 7). Weaker pitches of approximately 171 (harmonic numbers are
estimated as (n + 1)i  and 240 Hz (harmonic numbers are estimated as (n  - 1)i) are predicted.
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higher peaks for lower values of sf. In accordance with the sub-harmonic summation algorithm
proposed by Hermes (1988), the sub-harmonics e multiplied by a weight factor W:
W Wn= -1 n = sub-harmonic number (2)
In this study we have used W = 0.45. This weighting function decreases the height of the
Gaussians with increasing sub-harmonic number. To show the analogy between the weighted sub-
harmonics and the time intervals present in the auditory nerve fibers (Rose et al., 1967), inter
spike interval histograms are shown in the insets of Fig. 1a.
The pitch strength of the complex sound is modeled by the summation of the sub-
harmonics. If all three frequency components of the stimulus contribute to the pitch perception,
only those parts of the SHS in which the center parts (values > 0.001) of the sub-harmonics of all
three frequency components overlap should be taken into account. Figure 1b shows that, for a
stimulus with components of 1000, 1200 and 1400 Hz, the pitch of 200 Hz is dominant (the
harmonic numbers are estimated as 5, 6 and 7), but weaker pitches above f0 (harmonic numbers
are estimated as (n - 1)i ) or below f0 (harmonic numbers are estimated as (n + 1)i ) should be
perceptible. Variation of the value of s changes the widths of the Gaussian sub-harmonics and
thus the number and widths of pitch sidebands that occur in Fig. 1b. Changing the value of W
influences the relative pitch strength of the possible pitches. For example, increasing W reduces
the significance of the pitch with harmonic numbers (n - 1)i and increases the significance of the
pitch with harmonic numbers (n + 1)i.
2. Methods
(a) Procedure
The subject’s task was to match the pitch of the comparison tone to the pitch of the stimulus. The
start of both the stimulus and comparison tone burst was under the control of the subject. The
fundamental frequency of the comparison tone could be varied in steps of 1 Hz or 10 Hz within a
range of about 1 octave around the f0  of the stimulus. In order to prevent this frequency range
from affecting the matching result, roving ranges were used. The lower border of the range varied
between -45% and -25% of f0 and the upper border between 30% and 45%. To minimize the
influence of subject-dependent matching strategies on the pitch matching task, the start value of
the fundamental frequency of the comparison tone varied randomly within its frequency range.
Subjects received no feedback.
(b) Stimulus and comparison tone
The stimuli consisted of three harmonics, or three mistuned frequency components with a
fundamental frequency (f0) of 200, 225, 250, 267, or 300 Hz. Four sets of 3 ‘harmonics’ were
used: set 1: {3,4,5}, set 2: {5,6,7}, set 3: {9,10,11} or set 4: {11,12,13}. The frequency
components of the inharmonic stimuli were mistuned by either 0.05×f0  (5% mistuning) or 0.10×f0
(10% mistuning). To indicate the different patterns of mistuning the coding ABC-x% will be
used, where A, B and C refer to the first, second and third component in the complex sound. Each
of these is either purely harmonic (indicated by 0), or shifted upwards (indicated by H), or
downwards (indicated by L) by x = 5% or 10%. The following patterns of mistuning were used:
000, HHH-5%, HHH-10%, LLL-5%, LLL-10%, HLL-5%, HLL-10%, LHH-5% and LHH-10%.
The stimuli were generated digitally using an AT PC with a 12 bit D/A-converter (DT2812) at a
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sampling rate of 10 kHz. They were low-pass filtered at 5 kHz (Difa-filter; 115 dB/oct). The
stimulus components were equal in amplitude and added in sine phase.
The adjustable comparison tone was a band-stop filtered periodic pulse. To prevent
adjustments to single components of the signal (Faulkner, 1985), rather than to the fundamental,
spectral components in the region of the stimulus frequencies were suppressed using Krohn-Hite
low-pass and high-pass filters (48dB/oct). In experiments with stimuli containing harmonic
numbers {3,4,5} or {5,6,7}, cut-off frequencies were 300 Hz (low-pass) and 2500 Hz (high-pass).
The cut-off frequencies were 1000 Hz (low-pass) and 4000 Hz (high-pass) in experiments
containing stimuli with harmonic numbers {9,10,11} and {11,12,13}.
 Stimulus and comparison tone were presented against a 20 dB/third-octave pink noise
background. Levels of the stimulus and comparison tone were approximately 20 dB and 12 dB
above the masked threshold, making these two sounds roughly equal in loudness. (Note that the
stimulus consists of 3 and the comparison tone of many components.) These low stimulus levels
were used to minimize the influence of combination tones. The stimulus and comparison tone had
smooth rise and fall times of 20 ms and steady state durations of 330 ms. They were presented
diotically through Telephonics TDH-49P earphones. Subjects were seated in an Ampli-silence
sound insulated chamber.
The stimuli were presented in blocks containing 5 different stimuli. Within a block, each
stimulus was presented twice, giving blocks of 10 trials. One block comprised of stimuli with
fixed harmonic numbers, but with 5 different fundamental frequencies, and 5 (000, HHH-
5%/10%, LLL-5%/10%) or 4 (HLL-5%/10%, LHH-5%/10%) different patterns of mistuning. The
10 stimuli of a block were presented in random order. All blocks were presented 3 times to each
subject, except for the {11,12,13} stimulus set, which was presented 6 times to subject EP.
(c) Subjects
Four subjects, HL (55 y), KW (53 y), LL (29 y) and EP (24 y), with normal hearing, participated
in these experiments. Subjects KW, LL and EP were musically trained. All subjects could perform
the task with little special training1. Subjects KW and EP performed all stimulus sets, while
subject HL performed the {3,4,5} and {5,6,7} stimulus sets and subject LL stimulus sets
{9,10,11} and {11,12,13}.
                                                 
1 Though the subjects could perform the pitch matching task with little extra training this does not imply
that this task is easily performed by any subject. Timbre differences between stimulus and comparison
sound and the ambiguity of  the pitch of the stimulus make this pitch matching task rather difficult. Some




The histograms in Fig. 2a, b and c represent the experimental results of one subject (EP) for the
000, HLL-10% and LHH-10% stimuli. Each histogram contains the data of stimuli with f0-values
of 200, 225, 250, 267 and 300 Hz. The number of responses at each pitch is presented against the
deviation of the pitch from the ‘true f0’ of the stimulus, i.e., the f0 for which the harmonic numbers
are estimated correctly. In the following text ‘f0’ will be used to refer to this correctly estimated f0.
From the left to the right, results are given for stimuli with harmonic numbers {3,4,5}, {5,6,7},
Figure  2. Experimental data (histograms) and theoretical fits (dashed lines) for the (a) 000, (b) HLL-10% and
(c) LHH-10% stimuli of subject EP. From the left to the right results of stimuli with frequency components
{3,4,5}, {5,6,7}, {9,10,11} and {11,12,13} are shown. One histogram contains the data of stimuli with
fundamental frequencies of 200 to 300 Hz and shows the number of pitch adjustments as a function of the
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{9,10,11} and {11,12,13}. The data of the other three subjects are comparable, but show
differences in the standard deviation of the responses around ‘f0’. St ndar  deviations of subject
HL were larger, and those of subject LL smaller than those of subjects EP and KW. Furthermore,
subject LL was able to make very consistent pitch adjustments at stimulus set {11,12,13},
whereas subjects EP and KW were not able to distinguish separate pitches at these stimuli.
The data in Fig. 2a show that pitch becomes increasingly ambiguous and that the number
of responses around ‘f0’ decreases with the increase of n1. The data of the HHH-5%/10% and
LLL-5%/10% stimuli are similar with respect to the number and relative strength of the pitches in
one histogram, but show the familiar pitch shift (e.g. de Boer, 1956; Schouten et al., 1962). This is
shown in Fig. 3 (a, b and c) in which mean pitch shifts (symbols) and the percentages (bars) of the
responses around ‘f0 ’ are plotted as a function of the shift of the frequency components in the
stimulus. The data of  subjects EP (a), KW (b), and HL and LL (c) are shown. The data of
stimulus set {11,12,13} of subjects EP and KW are omitted, because the observed  pitch
adjustments did not allow a proper estimate of the answers around ‘f0 ’. The symbols in Fig. 3 (a, b
and c) show that for subjects KW, HL and LL the means of the pitch adjustments around ‘f0 ’ ar
systematically lower than expected, for all harmonic number sets.
Fig. 2a shows, for stimulus set {9,10,11}, a prominent pitch sideband above ‘f0’, for
which the harmonic numbers are estimated as (n - 1)i (in the following text this pitch will be
indicated as the (n - 1)i-pitch). No responses are given below ‘f0’, f r which the harmonic numbers
are estimated as  (n + 1)i (the (n + 1)i-pitch). The mean relative pitch strengths of the pitches
below ‘f0’, at ‘f0’ and above ‘f0’ for the 000, HHH and LLL stimulus sets at {9,10,11} (all
subjects) and {11,12,13} (subject LL) are given in Table I. For subjects EP and KW at
{11,12,13}, the number of answers above ‘f0’ was larger than below ‘f0’, but no clearly separate
pitch sidebands could be distinguished. Table I clearly shows that the (n - 1)i-pi ch is much
stronger than the (n + 1)i-pitch.
Table I. Percentage of the responses, indicating relative pitch strength, of the pitch with harmonic
numbers (n + 1)i , ni and (n - 1)i  for stimulus set {9,10,11} (all subjects) and {11,12,13} (subject LL).
Mean values of stimulus sets 000, HHH-5%/10% and LLL-5%/10% with standard deviations are given.
The results show that the pitch above ‘f0’ (harmonic numbers (n - 1)i ) is much stronger than the pitch
below ‘f0’ (harmonic numbers (n + 1)i )
(n+1)i ni (n-1)i
EP       {9,10,11} 7 (± 9) 53 (± 9) 35 (± 9)
KW     {9,10,11} 2 (± 2) 55 (± 2) 20 (± 6)
LL       {9,10,11} 3 (± 4) 38 (± 12) 60 (± 15)
LL       {11,12,13} 17 (± 7) 11 (± 10) 65 (± 6)
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Figure  3. Mean pitch matching values (symbols) of the responses around the ‘f0 ’ of the stimulus for the
stimulus patterns LLL-10%, LLL-5%, 000, HHH-5% and HHH-10% (a, b and c), and the stimulus patterns HLL-
5%, HLL-10%, LHH-5 and LHH-10% (d, e and f). Error bars represent standard deviations. Results are shown
for stimulus sets {3,4,5} (l), {5,6,7} (), {9,10,11} (s) and {11,12,13} (P). The bars at the bottom of the figure
represent the percentage of the responses given around the ‘f0’ of the stimulus. The thin black bar on the right
represents 100%. Each group of bars shows percentages for stimulus sets {3,4,5} (first bar, black), {5,6,7}
(second bar, white), {9,10,11} (third bar, black) and in Fig. 1c of {11,12,13} (fourth bar, white). (a) results of
subject EP, (b) results of subject KW, (c) results of subject HL (stimulus sets {3,4,5} and {5,6,7}) and LL
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Fig. 2b and c show, for stimulus sets {3,4,5} pitch sidebands centred around 22% (a) and
around 27% (c). These pitch sidebands were also found for the HLL-5% stimuli (centred around
24%) and for the LHH-5% stimuli (centred around 26%). The figure further shows that for
stimulus sets {5,6,7} and {9,10,11} the HLL stimuli are more ambiguous than the LHH stimuli.
The same was found for subjects KW and HL. For subject LL such a difference in pitch
ambiguity was found for stimulus set {11,12,13}. The relatively clear pitch of the LHH mistuned
stimuli is always higher than ‘f0’. The HLL stimuli show pitch adjustments at ‘f0’ below ‘f0 ’ and
often above ‘f0 ’.
Figure 3 (d, e and f) shows the mean pitch shifts (symbols) and the percentages (bars) of
the responses around ‘f0’ for the HLL and LHH stimuli of  subjects EP (d), KW (e), and HL and
LL (f). The bars this figure show that the number of answers around ‘f0’ dec eases for the
HLL/LHH-10% stimuli compared to the HLL/LHH-5% stimuli.
Comparison of experiment with theory
The experimental data are compared to the theoretical predictions derived from the sub-harmonic
summation model (see introduction). As a measure of the similarity between experimental and
theoretical data, the coherence factor, Pcr, related to the correlation coefficient between
experimental and theoretical data, is used:
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-45% < i < 45%, (3)
x = -1, 0, .. 4%
E(i): experimental data
T(i): theoretical predictions
Table II. P-cr-values of the fit between the experimental and theoretical data with W = 0.45 and optimized
values of s and x. Mean values with standard deviations are shown for the 000, HHH-5%/10% and LLL-
5%/10% stimuli. Optimal fits were obtained for N = 3.
{3,4,5} {5,6,7}
Pcr s x Pcr s x
EP 0.87 (± 0.05) 0.011 (± 0.002) 0.4 (± 0.5) 0.76 (± 0.04) 0.012 (± 0.003) 0.8 (± 0.4)
KW 0.88 (± 0.06) 0.015 (± 0.003) 1.2 (± 0.4) 0.81 (± 0.09) 0.007 (± 0.004) 2.4 (± 0.5)
HL 0.64 (± 0.07) 0.029 (± 0.011) 0.4 (± 0.9) 0.41 (± 0.08) 0.011 (± 0.003) 0.4 (± 0.5)
{9,10,11} {11,12,13}
Pcr s x Pcr s x
EP 0.55 (± 0.14) 0.006 (± 0.004) 0.2 (± 0.4) 0.33 (± 0.06) 0.006 (± 0.001) 1.6 (± 0.5)
KW 0.43 (± 0.11) 0.003 (± 0.004) 3.4 (± 0.6) 0.30 (± 0.07) 0.073 (± 0.037) 1.0 (± 0.0)
LL 0.74 (± 0.02) 0.010 (± 0.000) 1.0 (± 0.0) 0.54 (± 0.11) 0.006 (± 0.003) 1.4 (± 0.5)
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in which the parameter x was introduced to allow correction for possible pitch shifts that have
been reported (see e.g. symbols in Fig. 3b and c). Optimal fits between the experimental and
theoretical data were obtained through optimization of s, x, a d N. The value of s, which
determines the widths of the sub-harmonic Gaussians and therefore the number of pitch
sidebands, was varied from 10-4.0, 10-3.8 .. to 10-1.0. Further, it was checked whether optimal fits
could be obtained if, instead of all three frequency components (N = 3), only the two upper
frequency components (N = 2) contributed to the SHS, as might be expected for the inharmonic
stimuli in which the lower and two upper frequency components are shifted in opposite directions.
Because it is well possible that in part of the responses in one histogram all three frequency
components contributed to the pitch perception and in part only the two upper frequency
components contributed, sub-harmonic summations of N = 3 combined with N = 2 (N = 2 Ú N = 3)
were also fitted to the experimental results.
A preliminary analysis of the fit between the experimental and theoretical curves, in
which the W-value was varied between 0.1 and 1.5, showed an optimal fit for W = 0.45.
Compared to the fits of the subharmonic summation in which no weighting of harmonics took
place (W = 1.0), the fits with W = 0.45 improved significantly for the multimodal pitch profiles of
the high harmonic stimuli ({9,10,11} and for subject LL at {11,12,13}). For the stimuli with no or
only small pitch sidebands, the influence of changing W is small, since W influences the relative
Table III. Pcr-values of the fit between the experimental and theoretical data with W = 0.45 and optimized
values of s and x. Mean values with standard deviations are shown for the HLL-5%/10% and LHH-
5%/10% stimuli. For stimulus sets {9,10,11} and {11,12,13}, optimal fits were obtained for N = 3. For sets
{3,4,5}, N = 2 or N = 2 Ú N = 3 gave optimal fits for subjects EP and HL and for KW at HLL-10%. For sets
{5,6,7}, the results of most stimulus patterns gave optimal fits for N = 3, but in several cases for N = 2 Ú N
= 3.
{3,4,5} {5,6,7}
Pcr s x Pcr s x
EP 0.60 (± 0.15) 0.012 (±
0.003)
1.0 (± 0.8) 0.65 (± 0.03) 0.012 (±
0.004)
0.75 (± 0.9)
KW 0.61 (± 0.20) 0.017 (±
0.006)
0.5 (± 1.0) 0.69 (± 0.17) 0.012 (±
0.006)
2.0 (± 0.0)
HL 0.39 (± 0.06) 0.038 (±
0.017)




Pcr s x Pcr s x
EP 0.65 (± 0.19) 0.011 (±
0.006)
0.0 (± 1.2) 0.34 (± 0.08) 0.004 (±
0.003)
1.8 (± 0.9)
KW 0.51 (± 0.21) 0.013 (±
0.008)
0.8 (± 0.5) 0.43 (± 0.05) 0.042 (±
0.039)
1.0 (± 0.0)
LL 0.75 (± 0.12) 0.003 (±
0.003)
1.3 (± 0.5) 0.57 (± 0.15) 0.004 (±
0.005)
1.5 (± 0.6)
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pitch strength of the possible pitches. The value of 0.45, which results in the increased weight of
lower harmonics, is used in our subharmonic summation.
The dashed lines in Fig. 2 represent theoretical fits in which the parameters s,  x, and N
are optimized. The figure shows that the locations of almost all pitch sidebands can be described
by the theoretical predictions. Prominent pitch sidebands which are not predicted by the theory
were found for the HLL and LHH {3,4,5} stimuli centred around 22% (HLL-10%),  24% (HLL-
5%), 26% (LHH-5%) and 27% (LHH-10%).
Tables II and III show the optimized parameters s and x with their Pcr-values. The
optimally estimated s-values depend on n1 of the stimulus and vary between 0.003 and 0.073.
Optimal fits were in most cases derived for positive values of  x, which means that an overall pitch
shift in negative direction, probably due to the difference in spectral locus between stimulus and
comparison sound (cf. Moore et al., 1992; Singh and Hirsh, 1992), was present in the
experimental data. For the 000, HHH-5%/10%  and LLL-5%/10% stimuli (Table II) the fits were
optimal for N= 3. For the HLL-5%/10% and LHH-5%/10% stimuli (Table III) optimal fits were,
for the {3,4,5} stimuli in most cases and for the {5,6,7} stimuli in several cases, derived for N = 2
or N = 2 Ú N = 3. For the {9,10,11} and {11,12,13} stimuli, fits were optimal for N = 3.
4. Discussion
Present results show that the pitch profiles of the pitches of the three-tone complexes can largely be
described by probability distributions derived from a harmonic pattern recognition model, in which
pitch strength is determined by the fit between the frequency components in the stimulus and the
harmonics of the estimated pitch, and in which pitch strength increases with the decrease of the
estimated harmonic numbers.
If pitch ambiguity results from the misinterpretation of the harmonic numbers of a
complex sound, one expects pitch ambiguity to increase for increasing n1, s e the frequency
difference between optimum estimated harmonic numbers (ni) and sub-optimum estimated
harmonic numbers ((n ± 1)i, (n ± 2)i, etc.) decreases for increasing n1. Present results show that,
indeed, pitch ambiguity increases and that the number of responses around ‘f0’ decreases going
from n1 = 3 to n1 = 11 as shown in Fig. 2a and Fig. 3a, b and c.
The location of almost all pitch sidebands are predicted with the SHS model. A
theoretically unreported pitch sideband is found for the HLL and LHH stimuli at set {3,4,5} (see
Fig. 2b and c). It should be realized that for these low harmonic stimuli the inharmonicity of the
frequency components is relatively large. Therefore, the probability of perceiving the complex
sound as a whole (in the synthetic mode) decreases. Since it is possible to hear a sub-harmonic
pitch by listening to one frequency component only (Houtgast, 1976; Gerson and Goldstein, 1978;
Beerends and Houtsma, 1989) and since the location of the pitch sideband above ‘f0’ covaries with
the 4th sub-harmonic of the 3rd frequency component in the complex sound, it is very likely that
subjects listened to this frequency component when judging the pitch of the stimulus.
The relatively large inharmonicity for the HLL and LHH stimuli at {3,4,5} and {5,6,7}
also results in pitch judgments based on the two upper frequency components only. Optimum fits
were, therefore, obtained for N = 2 or  N = 2 Ú N = 3 for many stimulus sets at {3,4,5} and for
N = 2 Ú N = 3  for several stimulus sets at {5,6,7}. Exclusion of one of the components from the
pitch perception was expected on the basis of optimum estimation of harmonic numbers with s-
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values of around 10-2 to 10-1.8, since overlap of sub-harmonics of all three frequency components
is largely reduced for these inharmonic stimuli. The amount of mistuning of the lowest component
(LHH compared to HHH and HLL compared to LLL) relative to its own frequency is more than
3% for HLL/LHH-5% {3,4,5} stimuli, more than 6% for the HLL/LHH-10% {3,4,5} stimuli and
4% for the HLL/LHH-10% {5,6,7} stimuli. This amount of mistuning, at which exclusion of the
mistuned component occurs, is in line with results of Moore et al. (1985) and Darwin and Ciocca
(1992).
The optimally estimated s-values are comparable to those reported by Goldstein (1973),
who found a decreasing -value for frequencies up to 2500 Hz and an increase of s for
frequencies beyond that value. In our data s decre ses from stimulus set {3,4,5} or {5,6,7} to
{9,10,11}. For set {11,12,13} subjects EP and KW were not able to adjust to clearly separated
pitches, which can be caused by an increase of s. The best fit of the theory with the experimental
data resulted in a high s-value of KW. For subject EP, an optimal fit was found for low values of
s, but the Pcr-values of these fits are very low. The optimal estimated s-values for subject LL did
not increase for the {11,12,13} stimuli. One might expect that s-values of this subject increase
when stimuli with even higher harmonic numbers would be presented.
The probability distributions of  the {9,10,11} and {11,12,13} (subject LL) stimuli show
that the relative pitch strength of the (n - 1)i-pitch is much stronger than the (n + 1)i-pitch. This
difference in pitch strength is also reflected in the difference in pitch ambiguity between the HLL
and LHH stimuli. The upper and lower frequency components of the HLL-stimuli are shifted
away from harmonics (n - 1)i, while those of the LHH stimuli are shifted towards these
harmonics. Therefore, the LHH stimuli have a clear (n - 1)i-pitch, while for the HLL stimuli as
well the relatively strong (n - 1)i-pitch as the optimal estimated (n + 1)i -pitch can be heard.
If pitch strength would be fully determined by the optimum estimate of the harmonic
numbers, one would expect a comparable strength of  the pitch below ‘f0’ ((n - 1)i-pitch) and the
pitch above ‘f0’ ((n + 1)i-pitch), since the fit between these pitches and the frequency components
in the stimulus is almost identical (Goldstein, 1973). Our data clearly show that the pitch above
‘f0’ is much stronger than the pitch below ‘f0’ (see Fig. 2a, Table I and the difference in pitch
ambiguity between the HLL and LHH stimuli in Fig. 2b and c). It can thus be concluded that the
optimum fit of the stimulus frequencies and frequencies of the estimated harmonic components
does not fully determine pitch strength. Pitch strength also depends on the estimated harmonic
numbers, low harmonics contributing more to the pitch perception than high harmonics. In the
SHS theory this was modeled using a weight factor W (see Eq. 2). Such a weight factor, which
effectively decreases the contribution of higher harmonics, is used in many SHS models (e.g.
Terhardt, 1982; Martin, 1982; Hermes, 1988; Cohen et al., 1995). In Fig. 5a the effect of the
weighting of the sub-harmonics on the relative pitch strength is shown. The dashed line shows the
probability distribution for unweighted sub-harmonics (W = 1.0). The solid line shows the SHS
with W = 0.45. Decreasing W results in the decrease of the weight of high harmonics in the SHS
and thus in a decreased pitch strength of the pitch below ‘f0’ and a increased pitch strength of the
pitch above ‘f0’. A physiological mechanism accounting for the use of weighted sub-harmonics in
pitch extraction possibly looks for the most prominent  ISI’s present in several auditory channels
(cf. Moore, 1982; Hermes, 1988) as present in the spike trains of auditory nerves (Rose et al.
1967). For such a mechanism one expects that low harmonics contribute more to the pitch
perception than high harmonics, since the number of ISI’s decreases for higher values of n ( n
which n represents the number of cycles which are missed between two spikes). This is clearly
shown in the insets of Fig. 1a.
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The finding that low harmonics are more important than high harmonics for the
perception of pitch is in line with the principle of dominance, which implies that, for fundamental
frequencies below 400 Hz, harmonics in the range 3 to 5 contribute most to the pitch percept
(Ritsma, 1967; Plomp, 1967). A weighted SHS in combination with attenuation of the lowest
frequency components due to the filter characteristics of the outer and middle ear (Cohen et al.,
1995), or in combination with a decreased accuracy with which the frequency components are
processed (increase of ), can explain this phenomenon.
In theories where no weighting function of the harmonics takes place, the dominance
region phenomenon is explained by, e.g., the difference in accuracy with which the frequency
components are processed (differences in s) in combination with the increased probability of
misinterpreting harmonic numbers with the increase of the lowest component in the sound
(Goldstein, 1973) or by higher resolution and resolvability of low order frequency components in
combination with the filter characteristics of the outer and middle ear (Meddis and Hewitt, 1991).
These explanations of the dominance region phenomenon cannot explain the results of the present
experiments, where the dominance of low harmonics takes place at the level of the estimation of
the harmonics. Two examples of the probability distributions derived from the Auditory Image
Model (AIM) at mode ‘at’ (e.g. Patterson et al., 1992) or ‘meddis’ (Meddis et al., 1991) are
shown in Fig. 5b. In these models the harmonics are not weighted. It is clear that the AIM
predictions of pitch strength at mode ‘at’ as well as ‘meddis’ do not result in a difference in pitch
strength between the (n + 1)i-pitch and the (n - 1)i-pitch and that the results at mode ‘at’ resemble




Pitch strength profiles for (ambiguous) three tone complexes were determined by repeated
measurements. The experimental data are generally in good agreement with the theoretical
predictions of the sub-harmonic summation model, based on harmonic pattern recognition. The
value of s, representing the stochastic errors that occur during the processing of the spectral
pattern, are comparable to those found by Goldstein (1973). Mistuning of a frequency component
by more than 3% (relative to the frequency of the component) often resulted in the exclusion of
the mistuned component from the pitch perception.
The results also demonstrate that pitch strength is not just the result of a straightforward,
unbiased, optimum estimation of harmonic numbers. A bias, clearly favouring low over high
harmonics, has been measured. Since this bias is not the result of the dominance of low harmonics
over high harmonics in the stimulus, but results from a bias in the estimation of the harmonic
numbers, this effect cannot be explained in terms of the (classical) dominance region phenomenon
or the second effect of pitch shift, but must occur at a more central level, namely the level where
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Figure 4. Relative pitch strength as a function of the deviation from ‘f0’  for different models. (a) Theoretical
predictions from the SHS model with W = 0.45 (solid line) and W = 1.0 (dashed line). For W = 0.45, the sub-
harmonics are weighted, resulting in a relative strong pitch above ‘f0’. F r W = 1.0, the sub-harmonics are not
weighted, resulting in pitch sidebands above and below ‘f0’ with roughly the same pitch strength. (b) Theoretical
predictions from the Auditory Image Model (AIM, Patterson et al., 1992) at mode ‘at’ and ‘meddis’ (after Meddis
and Hewitt, 1991). These predictions show that there is no significant difference between the pitch strengths of
pitches above and below ‘f0’. Of the two, the AIM model at mode ‘at’ most closely resembles the predictions of
the SHS model with W = 1.0.
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the harmonic numbers are estimated.
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Het in dit proefschrift beschreven onderzoek bestaat uit twee gedeeltes, waarbij verschillende
aspecten van frequentieselectiviteit in het acoustico-laterale systeem zijn onderzocht. Het
acoustico-laterale systeem bevat mechanogevoelige zintuigen die gebruikt worden voor de
waarneming van geluid (het gehoororgaan), van versnellingen en rotaties (het
evenwichtsorgaan) en voor de detectie van waterbewegingen (het zijlijnorgaan). Dit laatste
orgaan komt alleen bij in het water levende vertebraten, te weten vissen en amfibieën, voor.
De verschillende delen van het acoustico-laterale systeem zijn ontogenetisch aan elkaar
verwant en bevatten voor de detectie van mechanische stimuli zogenaamde zintuighaarcellen.
Zowel met behulp van fysiologische als met behulp van psychofysische metingen kan het
functioneren van dit systeem onderzocht worden. Beide technieken zijn in dit proefschrift
gebruikt (deel I: fysiologie, deel II: psychofysica). In het eerste deel van dit proefschrift
worden fysiologische experimenten beschreven waarin de frequentie selectieve eigenschappen
van het zijlijnorgaan en de mechanische eigenschappen van de haarcelbundels zijn bestudeerd.
In het tweede deel is met behulp van psychofysische metingen onderzoek gedaan naar een
bepaald aspect van geluidsperceptie waarbij frequentie selectiviteit een belangrijke rol speelt,
namelijk de perceptie van toonhoogte.
Deel I: mechanofysiologie van cupulae en zintuighaarcellen in het zijlijnorgaan van
vissen
In dit proefschrift worden experimenten beschreven waarin het zijlijnorgaan van vissen is
gebruikt voor de bestudering van de mechanofysiologie1 van zintuighaarcellen en de structuur
die deze cellen aandrijft, de cupula. Het zijlijnorgaan is bijzonder geschikt om in vivo
onderzoek te verrichten aan deze structuren, omdat de cupulae en haarcellen van het
zijlijnorgaan direct in de huid of in kanalen vlak onder de huid liggen. Hierdoor zijn zij,
vergeleken met haarcellen en aandrijvende structuren in andere zintuigen, zoals het oor en het
evenwichtsorgaan, relatief gemakkelijk toegankelijk.
Voor de bestudering van de mechanofysiologie van cupulae en haarcellen werd de
bewegingsrespons van cupulae bemeten met behulp van een laser interferometer. Doordat de
cupula via de haarbundels van de zintuighaarcellen is verbonden aan het onderliggende
epitheel, levert bestudering van de beweging van de cupula niet alleen informatie op over de
mechanofysiologie van de cupula zelf, en daarmee over de bewegingen waarmee de haarcellen
worden gestimuleerd (hoofdstuk 2 en 3), maar ook over de mechanische eigenschappen van de
haarbundels (hoofdstuk 2) en over de mechanische eigenschappen van de transductiekanalen
die de stijfheid van de haarbundels gedeeltelijk bepalen (hoofdstuk 4).
In hoofdstuk 2 worden experimenten beschreven waarin de mechanofysiologie van twee
naburige cupulae (genummerd 2 en 3) wordt gerelateerd aan enkele morfologische
eigenschappen van deze cupulae: het aantal onderliggende haarcellen, dat geïnterpreteerd
                                               




wordt als een maat voor de stijfheidskoppeling van de cupula aan het onderliggende epitheel,
en de  massa van de cupula. Deze morfologische parameters bepalen, tezamen met de
cupulaire vorm, de resonantiefrequentie van de cupula. Onafhankelijk van de morfologisch
bepaalde resonantiefrequentie werd de resonantiefrequentie, met behulp van een model voor
cupulaire mechanica, bepaald uit de gemeten frequentie respons van de cupula. De resultaten
tonen voor een type cupula (no. 3) een duidelijke correlatie tussen de mechanofysiologische
en de morfologische maat voor de resonantiefrequentie. De stijfheid per haarbundel die uit
deze correlatie volgt is vergelijkbaar met de stijfheid van haarbundels zoals die gevonden is
voor haarcellen in het oor en evenwichtsorgaan. Voor cupula 2 is de correlatie minder
duidelijk. Oorzaken hiervoor kunnen gelegen zijn in het feit dat cupula 2 een sterk van een bol
afwijkende vorm heeft en groter is dan cupula 3, waardoor invloeden van de kanaalwanden op
de mechanische frequentierespons van cupula 2 groter zullen zijn. Hierdoor kan de bepaling
van de resonantiefrequentie m.b.v. het model voor cupulaire mechanica, dat uitgaat van een
bolvormige cupula en waarin invloeden van kanaalwanden verwaarloosd worden, onjuist zijn.
Ook zou mogelijke variatie in de stijfheid per haarbundel in verschillende cupulae het gebrek
aan correlatie tussen mechanofysiologie en morfologie voor cupula 2 kunnen verklaren.
In hoofdstuk 3 worden de frequentieselectiviteit van de haarcellen in het zijlijnorgaan van
verschillende vissoorten, de pos en twee soorten mesvissen, met elkaar vergeleken. De
frequentierespons van de cupula, de structuur die de haarcellen aandrijft, is bij de mesvis
gevoelig tot hogere frequenties dan bij de pos (afsnijfrequenties voor de cupulaire frequentie
respons liggen bij ca. 110 Hz voor de pos en bij ca. 400 en 235 Hz voor de twee soorten
mesvissen). Door de activiteit van de haarcellen gelijktijdig met de beweging van de cupula
(de stimulus-input voor de haarcellen) te meten is de frequentieselectiviteit van de haarcellen
van deze vissoorten bepaald. Het blijkt dat de laagdoorlaat eigenschappen van de haarcellen in
het zijlijnorgaan van de mesvissen een duidelijk hogere afsnijfrequentie hebben
(respectievelijk ca. 320 en 345 Hz) dan de haarcellen in de pos (ca. 200 Hz). Dit betekent dat
de frequentieselectiviteit van de cupula en van de haarcellen op elkaar zijn afgestemd. Het
verschil in frequentieselectiviteit tussen de verschillende vissoorten is waarschijnlijk een
aanpassing aan de verschillende leefomstandigheden waaronder zij opereren.
Hoofdstuk 4 beschrijft de veranderingen van de beweging van de cupula als gevolg van het
toedienen van amiloride, een farmacologische stof die de mechanogevoelige
transductiekanalen van de haarcellen blokkeert. Deze veranderingen in de cupulaire
mechanica worden geïnterpreteerd als het rechtstreekse gevolg van de mechanische
veranderingen van de transductiekanalen die optreden wanneer amiloride aan het kanaal bindt.
Effecten van amiloride worden dan ook alleen gevonden voor stimulusfrequenties waarbij de
beweging van de cupula wordt beïnvloed door de stijfheidskoppeling aan het onderliggende
epitheel, welke mede bepaald wordt door de stijfheid van de transductiekanalen. Een
opvallend effect van lage concentraties amiloride is dat de beweging van de cupula toeneemt.
Hoewel amiloride zorgt voor blokkade van de transductiekanalen blijkt hierbij ook de
amplitude van de extracellulaire receptor potentiaal (een maat voor de transductiestroom) toe
te nemen. Dit paradoxale effect van blokkade van de transductiekanalen kan worden verklaard




Eén effect is het welbekende transductiestroom blokkerende effect. Dit effect heeft
niet alleen een afname van de transductiestroom tot gevolg, maar ook een afname van de
zogenaamde ‘gating compliance’, een term die wordt gebruikt om de reductie in stijfheid van
de haarbundels aan te duiden en het gevolg is van het openen en sluiten van de
transductiekanalen. Het andere effect is een verplaatsing van het werkpunt van de haarbundel,
zodat de ruststroom door de transductiekanalen toeneemt. Hierdoor neemt de gevoeligheid van
de transductiekanalen toe en de stijfheid van de haarbundels af. Dit laatste effect van blokkade
van de transductiekanalen wordt ook gevonden bij een verlaagde extracellulaire Ca2+-
concentratie. Het is dus zeer wel mogelijk dat dit effect van amiloride wordt veroorzaakt door
een verminderde instroom van Ca2+, als gevolg van de blokkade van transductiekanalen.
De resultaten leiden tot de hypothese dat de effecten van amiloride te verwachten zijn
voor elke stof die de transductiekanalen blokkeert op een manier waarbij de kanalen niet meer
van de open in de dichte situatie over kunnen gaan. Inderdaad blijken experimenten met een
andere welbekende blokker van de transductiekanalen, dihydrostreptomycine, vergelijkbare
resultaten op te leveren.
Deel II:Toonhoogte van complexe geluiden
Complexe geluiden met een duidelijke toonhoogte bevatten over het algemeen een groot
aantal boventonen van een gemeenschappelijke grondtoon. De toonhoogte van zo’n
samengesteld geluid is gerelateerd aan de frequentie van de grondtoon. Voor de waarneming
van deze toonhoogte is het echter niet noodzakelijk dat de grondtoon in het geluid aanwezig
is. Complexe geluiden die slechts weinig boventonen bevatten en waarin de grondtoon zelf
niet aanwezig is hebben geen eenduidige toonhoogte. Dit kan worden verklaard doordat de
frequentiecomponenten van een complex geluid met een beperkte nauwkeurigheid in het
centraal zenuwstelsel worden gerepresenteerd. Wanneer, bijvoorbeeld, een complex geluid is
samengesteld uit frequenties van 1800, 2000 en 2200 Hz (de 9e, 1 e en 11e harmonische van
een grondtoon van 200 Hz), dan kunnen naast de toonhoogte van 200 Hz alternatieve
toonhoogtes van 182 en 222 Hz worden waargenomen. In de laatste twee gevallen worden de
frequentiecomponenten waargenomen als zijnde respectievelijk de 10e, 11e en 12e
harmonische van 182 Hz (1818, 2000 en 2182 Hz) en de 8e, 9e en 10e harmonische van 222 Hz
(1778, 2000 en 2222 Hz).
Er bestaan verschillende modellen voor toonhoogtewaarneming die voorspellingen
doen over de relatieve detectiekans van de verschillende (geïnterpreteerde) toonhoogtes van
een complex geluid. Echter, experimentele gegevens over de relatieve sterkte van
verschillende toonhoogtes ontbraken tot nog toe. Daarom zijn de experimenten zoals
beschreven in hoofdstuk 6 uitgevoerd. In deze experimenten werd aan proefpersonen de
opdracht gegeven om de toonhoogtes van complexe geluiden, bestaande uit slechts drie
boventonen van een missende grondtoon, vast te stellen. Deze stemtaak werd vele malen
uitgevoerd, zodat een maat werd verkregen voor de kansverdeling van verschillende
toonhoogtes van de complexe geluiden.
De resultaten laten zien dat de ambiguïteit van een complex geluid toeneemt
naarmate een complex uit hogere boventonen is samengesteld. Verder blijkt dat de sterkte van
de verschillende alternatieve toonhoogtes niet alleen wordt bepaald door een zo goed
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mogelijke overeenkomst tussen de in het geluid aanwezige frequenties en de geschatte
boventonen van de waargenomen toonhoogte, maar dat er een voorkeur bestaat voor een zo
laag mogelijke set van harmonischen.
